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ABSTRACT

An analysis is made of the temperature response of re-
fractory coated blades of the Rotor Entry Vehicle during
atmospheric entry. The mathematical model used in the analysis
consists of a composite slab insulated on one side and exposed
to a time dependent oscillating heat flux on the other side.

An exact analytical solution for the temperature response is
obtained for a non re-radiating surface. A numerical solution
is also obtained which incorporates the effect of re-radiation
on the temperature behavior. The effect of re-radiation on the
temperature level during entry is found to be significant and

favorable.

Oscillation in the aerodynamic heat flux, which is due to
blade rotation, results in temperature oscillation during entry.
The amplitude of temperature oscillation is negligible for rotor
angular velocities which are of practical interest in the Rotor

Entry Vehicle.
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I. INTRODUCTION

Figure 1 is a diagram of a Rotor Entry Vehicle in hyper-
sonic flight. Because of blade rotation, the stagnation point
moves over the blade surface, alternating between leading edge,
tip and trailing edge. The resulting aerodynamic heating at
any given point on the blade surface becomes a steady periodic
function of time for the case of constant free stream conditions
and a transient periodic function of time for variable free
stream conditions. The latter case characterizes the aero-
dynamic heating during entry of the Rotor Entry Vehicle. The
heating pattern is further complicated by shock impingment.
Furthermore, the location of boundary-layer shock interaction
may traverse the blade surface. Depending on vehicle orientation
and flight angle, the blades may be free of shock impingment

during a portion of the cycle, as illustrated in Figure 1.

Part of the energy which is convected to the rotor is re-
radiated to the surroundings while the rest is conducted through
the blades. To provide thermal protection, the blades are coated
with a thin layer of refractory material. A typical blade cross-

section is shown in Figure 2.

This report deals with the theoretical prediction of the
temperature response of the blades’composite structure. Of
interest is the identification of the various governing parameters
involving thermal properties, rotor angular velocity, and structure
geometry, as well as the examination of their effects on the

temperature behavior.
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The analysis is based on one-dimensional conduction in
a composite slab insulated on one side and heated on the other.

The convective aerodynamic heat flux, dc(t), is assumed to

vary according to
%— = % $ SIN W (1)
c(&) o({;) R (l+ ! t)

where qg(t) is the heat flux for a non-rotating blade, R is

a scale factor which takes into consideration the change in

the mean heat flux as a result of rotation, % R Q,(t) is the
amplitude of heat flux oscillation, and W is the rotor angular
velocity. Figure 3 is a representation of the model used in

the analysis. This simplified model does not take into consideration

the effect of shock impingment.

Two cases are of interest:

(i) Constant free stream conditions (constant vehicle speed
and altitude)

(ii) Vvariable free stream conditions (entry case)

In case (i) the complications which result from the variations
in free stream conditions are eliminated to provide a simplified
model which is suitable for a parametric study of the transient
response of the blade. Here gp(t) in equation (1) is treated

as constant.

Of more interest is case (ii) where free stream conditions
vary during entry according to vehicle speed and altitude, caus-
ing go(t) to be time dependent. Figure 4 shows a typical stag-

nation point heating curve for a sphere during entry.
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II. ANALYSIS

FORMULATION

The model used in the analysis of the temperature behavior

in the composite structure of the blade is shown in figure 3.

The governing equations for the temperature distribution, based
on constant thermal properties, are

3T 3T, (2)
at Y axt

)Ji = (Xz\iJ}
ot Xt

(3)

where subscripts 1 and 2 refer to the refractory and structural
materials respectively.

The initial and boundary conditions are

T,(x,0) = T,(x,0) = ¢

(4)



T, (0, t) = T,(o,t) (5)

K, 2}(0.»‘) - k, 2TLo4)

(6)
o X

(b8 _ o
I X

- K, BT('“ t) = %(t)- ?y (8)

In boundary condition (8) qc(t) is the aerodynamic heat

flux described by equation (1) and Qg is the re-radiation heat

flux given by

?Sl= € V—‘[T*(—a.,t) - _’;4] (9)



SOLUTION

Because of the non linear nature of boundary condition
(8), an analytical solution which takes into consideration the
effect of re-radiation is not attempted. However, an analytical
solution is presented for cases (i) and (ii) for qR_ = 0. To
examine the effect of re-radiation, a numerical solution is

obtained.

Analytical Solution

The solution to equations (2) and (3) for any time dependent
heat flux, gc(t), in boundary condition (8) can be obtained from
the corresponding solution of constant heat flux by using Duhamel's

Integral Equation (Reference 1):

T(x,t) - Ti = %(o) u (x;t)'— W;
¢ (]

t

d¥ .  wix, t-n) - u;
A - o o

where u(x,t) is the solution to the corresponding problem with
dc(t) = Fo = constant. Equation (10) is valid for any function
gce (t) which is piece-wise continuous in the interval 0<t<w.
The temperature response of a composite slab under constant

surface heat flux, Fo, is given by (Reference 2)



udxt) . u'- 4

T 8(i+pav)

[c T3 L YN 3 S 2(T 1)

a5 (s pv)

1
- z {(“'“)(05[‘\"('%:2 + (1-p)cos[An(rs '.)]}e‘ AT )
[ ]

and

W, X, ) _ u; \
=
Q:', (e )

2,2 . ) e M)
C+3( Y avi. 6% e _ 20
[s *3(Z) 4+ 5 £ e

) i cos[ A, T(3-m) &

(12)
nxt
E,

where )\" are the roots of

(1+p) sfAnaw)) (l.,u.)sm[A.(l-v)] =0

(13)



and

E, = _A:_q {(up)(l +w) cos[A (e w)] 4 (1-pa)t1-or) COS[A.(l-rﬂ}

(14)
and
T %t )
ca"
£a. X
a

M= l&vz._ " (15)
K, |,

T &.q IR
o o,

Ae b
o

Case (i) - Constant Free Stream Conditions:

This case represents a simplified model of a rotating blade
under constant free stream flow conditions. The aerodynamic
heating,qc(t), in boundary condition (8), is given by equation
(1) with q (t) = 9, (0) = constant. The purpose of examing this
model is to obtain a simplified solution which is useful in mak-

ing a parametric study of the problem.

Substituting equations (1) and (11) into equation (10) and
carrying out the integration, the temperature response of the

refractory layer for a periodic heat input is obtained.

10



qt‘.t) = 4 [t...é(l-‘OS-ﬂ.tﬂ... ! [’;"

where

43,7) =

and

Ty 4 6(1+puv)
+ 0o CueX __ao T (1+9% s QT)
lspw

) z O+ p) €OS[A, (o-R)] 4+ (1-p1) c”[‘\"(r'.',]{
hey RE

S ! A"\t
I+ T [{%,cosnt. SIN AT ) &

L
'\tn e- )‘“t (16)
Y
a_&‘.(ﬂ
K, ‘
.’."':.9_ (18)
u‘

11



Similarily, by substituting equations (1) and (12) into
equation (10) the temperature response, 9‘(3,1:) , of the
Structural material may be obtained. However, this will not
be carried out here since the interface temperature, which is
of primary interest, can be obtained from equation (16) by

setting 4=0.

Case (ii) - Variable Free Stream Conditions: Entry Case

Because of variations in vehicle speed and altitude, the
heat flux, qg(t), in equation (1) is time dependent. A typical
Plot of qo(t) during atmospheric entry is-shown in figure 4.
To evaluate the integral in equation (10), dc (t) must be known.
To obtain an analytical solution, the heating curve of figure 4
is divided into four stages in which the heat flux is approximated
by exponential, linear, parabolic, and linear functions, respective-

ly, as follows:

1 Yt

tm = %.(o) e o<t<t, (19)
T Yt. E-t

%.“)" %.lo) (- [n + —tl.'. _t: (A-I)] t<t <t (20)

T - 3

(s ‘kco)[r_ A(E-t,) ] t<t <t (21

fw: fo é[u + :_‘-:_tt_‘ (x-o]  t<t <t (22)

where ty, tp, t. and tg are the limits of stages I, II, III

and IV respectively and

12
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(24)

(25)

(26)
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Substituting (19), (20), (21) and (22) into equation (1),

the aerodynamic heating for a rotating blade during the four

stages is obtained.

*xct) = “k(o)R(lq- PR wt)e%

vt
%(t) = J@R(+ 8 smwtye “[i, t"i-» (A-a)]
c (-]

b “a

i([f) c %.M R(1+ & sinwt) [T'.- A(t- t,)‘]

(t“ - t-te
(t) :},(o\k(u § SIN wt) B[|+ AR W
3 ° ‘-t‘

13

)

o< tect, (28)
t,<t<t, (29)
<t <t (31)



The corresponding solutions TI(x,t), TII(x,t), TIII

and TIV(x,t) are obtained from equation (10) by breaking

up the limits of integration into appropriate stages. Thus for

the four stages, equation (10) gives:

1 ) t I y
Tixt)-T, = t‘to) u(x,:) -4 I d‘%';('n[ u(x,:-m -\ an
® [ ]

Y o

¥

l[ - . t. T t- - u.‘
Tt T= l(o) un) -~ u I d} tq)[ nis Fvn '.l dn
[ ] [}

*J d'i'im[ cx,_!j)—u,] d

. t
Ton.T, = Q) ‘“;;:‘:_‘i ,.[ *dt) [ua,t-q)-g}gq
(4 o dl‘ F.

. It“ di‘:('!) [ uex, £-9) - u.;] 41

t. %o

t

I J% L'l)[ wx,t- rn-u.] "l
t‘ dr‘ o

w . t. I
T )T = feoy LA =W -I‘l‘q)[- uCx,t-n) - u;]"l
¢ Fo o dn Fe

L
+{ dg,('n[ UK, t-n)- u:_"..,,
t, @n F

. = .
dq Cn)r ux,t-0)-u;
+J }, i) —F.L_} dn

t e 4
» [ dppuensly
T °

14
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Solution for Stage I: 0 €« T« t«

Substituting equations (11) and (28) into (32), the
temperature response af(g,t) in the refractory layer is
Obtained. The result, expressed in dimensionless form, is

given by:

Gf(t.t:) = T*.L;' % [eh - n] + F(k)eét ls 85N nt]

..z' G, (&) { e T y 2 [ e*_ e't‘tj}

(A‘,‘* $)

. e“t’

o ]

.E.[ 2 sSiN QT _ cosNT
n a

e [%:’-l- +j-]:-l

N

w L 34
. e-it'] _ Z Gﬂ(q) Yc {[

a

%(1'\;'.- ‘7%')* n]sm ar . %n. cos NT

(36)

where

15



F(a) = ! [3 g‘-.. 1 L ‘Fr;_|_ 29 T

G(lq»fu') | tpow (37)
G, (3) = Lreucos A (a-2)) + 0= p) cos[ A (o)) (38)
2E,
2
a
$ - __“q (39)

Solution for Stage II: z; <r< {;_

Using (11), (29) and (33), the solution for stage II is

Obtained.

8 (£) = {(t- oye? . -(e .)}

lepuvo
T,
0 SEQ

T,
s (Tt)i__ (1 S AT, - cos AT, €]

Q) o 1..(1-1:)[3‘1'. x. e~ T, ]

nei —!.‘ ¥ |)

o ~XAt-T)
-8 Gn & {[*(_ . __u)smn‘l'
nel (n. K,.)
+ SIN nt“& cos nta] e“‘ - Ae A:T“}
N N

le



{_(cos AT, cosnr), $ (A1) [ -0(T-T)cos AT
|+’"’ n (t —-T ) «

* swar_smar, ], A1) (t-T) }+c§t. F(R) (I

(T,-T) 2
(A-)) T, 5
+ 5sm nt) [u + A0 (t-t‘)] ~e "7 G ()
(tb-ta) n=y

'TE'— { Aln_ Cos T4 s n‘t-(i» Cos Ar,
(,\ )1 n n
214
- X (t- T,) 2
+ SN AT ) € } @A-y S{(t}t\(%\f cos AT

¢ B b
A A
[(T) €OS RT + 2 2 SN AT

* 3N AT) _ ?'i(_x_)"f—z
)]

T
- Cos AT . <(%';'-)" cosnT, 4 2 Tt: TN off

-A (t-
- €COS NT_ ( X',, [ITY n.t wsnt )e ]]

17
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where

Zo = 3%“ (41)
T = % tb
s (@2

Solution for Stage III: € <T< T¢

Substituting equations (11) and (30) into (34), the

solution for stage III is obtained

e (§,r) =_" {(‘L’_ T+ 2 SIN ntﬂ_)e‘pr“ + _'-(e‘bt“_.)}
l 4 o &
T, -
+ s € [3_’_ SINQT, _ cosnT, , e ét‘]
T gy LS

+ F(B)(1+ & sin n'c._)eq’t" -

Me

Gu(8) & '\n‘t'fa‘[

n

[1)

o)

2 -):.n » _XL" r.t,
eéca. . —%n- e t&] _ S Z- G.‘(‘g) e ( ){[

n=t (g— + -?%»)2-0- [

Y (8
%(% + %{;) SINQT, + sIwNOT, + ‘.%\i'"' cos nt,,_] eq’t‘

s
- A
= C +

_NT L T
} ¢ [i (2Z swaZ, - cosaz,
1+ p o an

- T, sNAT, - QT SN AT, ., €0s AT, , AT, SIN OT,)
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@a-1n L (snaT - sinat) - (A l) (cos at
"cz.-r.s ‘

* AT, 3N AT, AT s AT,) 4+ (AT g ctb,z;)u

_A n(T-T))

la Z Y v
n=e (%)1*. | -I_s- Cos 6

- '\:(‘C’.,-T‘)}

S
+ SINOQT, - (_Aﬁg cos AT, , smAtT,)e

) { ( 0 b+$lN .)

- : '\‘ntcosnt a( SINQAT, - cosQT,
"ff@‘iﬂ(w o s

- [(L\}.YC‘DS T, + ?-(_.'\:) SINQT ..cos.n.t] c (T ‘)} ,|
n ey a -

X (T,
+ A - l‘ (l.. e (T, T‘)) + “-y 3 . {A., suwl.t's
tb'-cc A, G- T n(ﬁ- +|

kS - &‘( "N s\
- cos T, -(%-; SINAT _ cosaT) € } 1'

. [-A{,EL 2 A 1T} z‘m(t-'c,,)‘}
I+ pv
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+ %(T_ A‘C';)[. €0s AT .at smat ,cosaT, , AT, smm:,,]
- 2A %‘ [.nc SINAT . 2005 T - T ST, + 2TT, 0sAT,
+207, 5N AT, - (ot T::_ 2) cos n.“ch +2AT _:;1 [_ N ac
+ SIN nr‘ + n('L'-'C'b ) cos n.'c.] + 2AT 7% [.. nT ws 0T
+2SINAT - AT c0SAT, - ' T T, SINRT,+ 20T, C030T,

+ T snaT - 2 s Q'L"] - A .E? {_ Q' T s at

-2QT SINOT 4 6 cO3s AT + 62T SIN nr-zn‘t'r‘ Cos QT
-2z (A'T1-2) swaT, 4 (3R'T}. 6)cos aT, , 2'T) smat,
-62T SN n'c“} ] + F(%) {- A (T ‘L':) + 2AT,, (?-Tb)

+ 9(T. ATr)(swat . SINAT, ) - 2A %i ( s AT . AT cos at

-sNAaz . AT, cos nT,)+ 2A % Tu(c0snT, . 0T SINAT

- osazT, . a7 N Q.‘C.) - A %‘ (znz: cosaT , AT isinar

20



-
- 2sMNar._. 2a7T, cosnT, . Q 't.'b SINAT, 4 2 SIN nt‘)}

o (/\ ,\ c ¢\ (T-7))
T-y) -
& &0 [y formn -Gy }
_.A:( -T 2
_2A.€;_(l_ e ‘ h))_S(T-A‘C:)_:_;__{%!. ws QT
As (%!-)H

e - Na(T-T
+smnt-(%'_' (0s 2T, + sINat,)e (T "}

+ AT [ {‘C’ ( %‘.‘. SINAT - cosat) - 'Z“ (%‘ s AT,
(_L)+.
T-T,
-cosnt,) e el "} - ,{(&)" SINQT
ne T \2 1 28
)+ ]

kS 1 L3
-2 %ﬂ_} cos AC - SINAT - { (_&) uNQT - 2 %.'.‘. cos AT,
o

-~

(c-Ty) +
- smnrs} C }|] - 2A8T [.‘. {ﬁ SIN RT
a t)l.*‘ 0

ty
l\( tb)
-tos QT _()\n smn‘cb_cosn.t.,)e }]

P—

>’v

L 3
-2A‘L‘m‘:[ tlt {'c()‘—‘;‘ s at 4 sIN OT)- td;‘l s 0T
.)L'!.)ﬁ\ | h
Fe
L
+ SNAT)e ME-L) }_ % ,[(An cos aT

X PO »
+ “z") SINAT . ¢oS aTt - {(_r_:.) Cos AT, + 2(_5)sm QtT,
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- cos nt'.} e A:(t-t“) }q] + Ag[ {Z"( An cos nt

£

. - A (T-T})
+swmat) - T ( %_-; Cos 2T, «+ sinaT ) € }

—_— {z‘{ (]{:) s T 4(%%_) SIN QT

_ 2 ¢os Qt} ts{ )cos T, 4 4("*) SIN AT,

a

t
—- MCT.Ty) 3
-2cos.n.r~}c }""%‘3 kg {(_gs_)cosn't

@)

.2 ;\;
+ 3(_2_4) SIN 2T - 3( ) Cos QT - SINRT {":i“ cos Rz,

k)

+ 3 (%ﬂ:)tsm T, - 3(.{_‘_11) cos 2T,

- M(T-T,)
~ sin nq} e }‘] :“ (43)
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where

T = Sotm (44)
a\
& 27, |
A = Af&)=(T.ne ™) (45)
(“n) (tb - 'E‘)t

Solution for Stage IV: L <l< 7

Using (11), (31) and (35), the solution for stage IV
is obtained

la
9?(&.‘:) = ' {(t-t‘a)(u 3 AT, ) e‘i + _:; (c’n-p)}
|+ft0"

Yo \
| ) -
+ ——— 2 e

Iepe (i.)a.

XA
[% SIN QT - cos AT, , € ¢ ] + F@®&) (1

LIPE S t
’ ) Aﬂ(“t‘) \ -X"t.
+ dswaz,)e Z c"'“ e [e‘““.,. %e ]

ney (_?_)‘_ |
- SZ G,(X) c-)t.(?'z:\)[{%(%* é) SIN AT,

n= (%... ;.)-H

¢T,

LS 'Aznt¢
+ SINQT, + %_g_ cos nt“} e . e J

ol

Y \
|+/4r'

{ 2 (9T smarT, - cosat, - az, N aT,
Y

- AT 3N AT, + cos AT, , QT, WAT,) +.z(_f__‘. %‘(wnq
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Numerical Solution:

Since the analytical solution is limited to the case of a
non re-radiating surface, a numerical solution is presented

which takes into consideration the re-radiation effect.

The governing equations and boundary conditions are first
non-dimensionalized by introducing the following dimensionless

Parameters:

Qo= &)
o (50)

-4
D = €T T (51)

o

E « MIRa (52)
K,Tz

4
= ()

The complete governing equations and boundary conditions

written in dimensionless from become:

2. (47 J6,(4,7)

T 'YL (54)
20: (80 A\ Yo (4T
. ;'L' (‘3'_) 2x* (5%)
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8,(5,0) = 0,(5,0) =0 (56)

8,(07) = 6,(0,7) (57)
36,(0,1') . /‘_ é 36, (0,T) (58)
ok o EY 3
)

2%

..Mg-s'of) = Qo) [+ % s nt]—D{[l

+ E9,(-|,t)]4_ H} (60)

By setting D = 0, the numerical solution gives the case of
a2 non re-radiating surface. By setting Q(T ) = 1 the solution

to case (i) is obtained.

Details of the formulation of the numerical solution is
given in Appendix A. The computer programs of the numerical
solution for cases (i) and (ii) are presented in Appendices

B and C respectively.
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IIXI. RESULTS

Case (i) - Constant Free Stream Conditions

r

The transient temperature behavior in the refractory mate-
rial, 6,(%§%) , for a non re-radiating surface under constant
free stream condition is described by equation (16). This
simple analytical solution of the idealized model is obtained
for the purpose of making a parametric study of the problem.
Equation (16) contains four parameters, 4, o, $ and o , which
govern the temperature behavior. The eigenvalues, ‘Xn , are
Obtained from equation (13). Computer programs for determining
/\" and for evaluating 3.(#’!) are presented in Appendices

D and E respectively.

Figure 5 giyes the temperature response at the exposed sur-
face of the refréétory material, .;.-l , and at the interface,
£=z=0 , for various values of the governing parameters. The
effect of 0 on the temperature behavior during the initial
period is shown in figure 5(a). At the exposed surface, values
of 1 greater than 100 have a negligible effect on the temperature
level. For low values of fQ the effect is significant. However,
at the interface, temperature oscillation is damped out for £L 2100

and negligible for £l = 10.

A loﬁg time solution is presented in figure 5(b). Temperature
oscillation at the interface, 230 , is not observable, while at
the exposed surface, $e-1 , the temperature oscillates about the
curve £l = 0. Because of the time scale used in figure 5(b),
individual cycles are not distinguishable. Instead, the locus

of amplitudes of temperature oscillation for £2 = 10 is shown.
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Since % is a measure of the amplitude of heat flux
Oscillation at the exposed surface, figures S5(c) and 5(d)
are presented to illustrate its effect on the temperature
behavior. For values of 9 as high as Q.75, no effect is
Observed at the interface for 1 = 100. At the exposed sur-
face a short time solution, figure 5(c), shows that the

amplitude of temperature oscillation increases with increasing

> .

1+ 4

. . . K '

The parameter/( . Which is defined as _LK| T‘z

has a significant effect on the temperature level. While this
effect is not pronounced at small values of T (figure 5(e)), it

becomes appreciable at large values of T (figure 5(f)).

Figures 5(g) and 5(h) give the temperature response for
two values of 0°. The temperature level is observed to decrease

as U is increased.

Figure 5(g), which gives a short time solution, indicates
that for U = 50 the solution does not converge to the initial
value, i.e. 080 = 0, for T = 0. This indicates that
additional terms in the series appearing in equation (16) should
be taken. 1In constructing the charts for figure 5 the series

was truncated at n = 32.
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Cc) Effect of & - Short time
Figure 5.- Continued.
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Case (ii) -~ Variable Free Stream Conditions: Entry Case:

The temperature response of the blades composite structure
during entry is determined analytically and numerically for a
non re-radiating surface, and numerically for a re-radiating
surface. The computer program for the analytical solution for
the four stages (equations (36), (40), (43), and (46)) is pre-~
sented in Appendix F. The program for the numerical solution

is given in Appendix C.

To obtain the temperature response for this case the aero-
dynamic heating curve during entry must be specified. A heat-
ing curve for a sphere of one foot radius in a non-lifting
trajectory is selected as an example (figure 4). The following
data is obtained from this curve and is used to evaluate analyti-
cally the temperature response during the four stages of this

trajectory:

|
I

0.0506

sec?
= 44.576
a = 72.5 sec
tp = 108.5 sec
te = 133 sec
ta = 154 sec
tn = 119 sec
q,(0) =  1.5451 Btu/ft’-sec
r = 54.494
Y =  0.3775
A = 4.471
? = 0.033 1/sec

41



The blade construction is assumed to consist of 0.07
inch of stainless steel slab covered with 0.02 inch alumina.
The thermal properties for the structural and refractory materials,

evaluated at ZOOOOF, are

0.903 x 103> Btu/sec-ft-"F

-
"

0.458 x 10”2 Btu/sec-ft-"F

x
I

™ - 1.18 x 10°° ftz/sec
L 5.7 x 10°° ftz/sec

~
It

For such a structure the dimensionless parameters AL and O
are 2.31 and 1.59 respectively. For a rotor angular velocity
W = 4000 RPM the dimensionless angular velocity, (g} .
is 100.

Using ths above input data, the computer program (Appendix F)

for equations (36), (40), (43), and (46) was used to calculate

the temperature response at the exposed surface, &£z -\ . and

at the interface, £z 0 , during the four stages. Figure 6(a)
gives the variation of the dimensionless temperature with dimension-
less time. The heating curve of figure 4 is non dimensionalized

and plotted on the same graph. The temperature at the exposed
surface is seen to continue to rise even after the aerodynamic
heating decreases during entry. This is expected for a non re-

radiating model which is insulated at the back side.

To check this analytical solution, the same problem is solved
numerically using the computer program given in Appendix C. The
result is plotted in figure 6(a). Excellent agreement is indicat-

ed between the analytical and numerical solutions.

To examine the effect of re-radiation, a numerical solution

is obtained using the following re-radiation data:
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D = 0.0126
E = 0.01355
H = 0.397

which is based on € =o0.78 T, = 630°R, T = 500°R and

R = 3. The result plotted in figure 6(a) indicates that the
maximum surface temperature peaks at approximately the time

the maximum heat flux takes place. It is noted that re-radiation
has a significant effect on the temperature level during entry.
For the example selected, re-radiation decreases the maximum

temperature by a factor of six.

The dimensionless temperature curve of figure 6(a) is
presented in a dimensional form in figure 6(b). The non re-
radiating model results in a maximum temperature of 28,200°R
while the re-radiating solution gives a maximum temperature
of 5000°R.

Figure 6(c) shows the temperature drop across the refractory
material during entry for a re-radiating and a non re-radiating
surface. For the re-radiating surface the temperature drop be~
comes negative after the maximum aerodynamic heating has been
reached. That is, as the aerodynamic heating begins to decrease
during entry, the interface temperature becomes higher than the

exposed surface temperature.

Because of the scale chosen for figure 6(a), the temperature
oscillation is not detectable on the graph. Figures 7 and 8 show
enlarged portions of figure 6(a) at the four stages of the heat-
ing curve during entry for non re-radiating and re-radiating sur-
faces respectively. No temperature oscillation is detected at
the interface for £ = 100. Temperature oscillation becomes

quasi-periodic soon after entry with an amplitude which is small
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compared to the temperature level for a non-rotating blade
( o = 0). The analytical solution for a non-rotating
blade is obtained by setting $ = 0 rather thanfl = 0. Thig
is necessary because some terms in the solution are divided

by Nn .
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IV. CONCLUDING REMARKS

l. While blade rotation may have an appreciable effect on
the aerodynamic heat flux, oscillation in this flux due to rotation
results in temperature amplitudes which are small compared to
the temperature level for an equal but non oscillating flux
(=0 or $=0 ), fThis is particularly true for high angular
velocities and after the initial transient time. 1In the entry
example considered, an ahgular velocity of 4000 RPM results in a
negligible effect on the temperature level at the exposed surface,
while a velocity of 400 RPM affects the temperature only during
the first fraction of a second of entry time. At the interface no
oscillation in temperature is observed for an angular velocity
of 400 RPM. Unless there is specific interest in the temperature
oscillation at the exposed surface during the initial time of entry
for a slowly rotating blade, adequate results are obtained by
setting L = 0 (or %= 0) in the solution. The aerodynamic heat
flux muét, however, still be adjusted to take into consideration
the effect of rotation. 1In the analytical model used, the factor

R is introduced for that purpose.

2. Re-radiation has a significant and favorable effect on the
temperature response. Excessively high temperatures result when

re-radiation is neglected.

For the entry example considered the maximum surface tempera-
ture occurs at approximately the time the aerodynamic heating
reaches its maximum value. During the portion of entry where the
heat flux is decreasing, the temperature of the exposed surface

lags behing that of the interface.
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This suggests that the temperature profile throughout the

composite structure be monitored during entry.

3. Because re-radiation is important, the analytical
solution for case (ii) (entry), which is restricted to a non re-
radiating surface, is of limited practical use. The numerical
solution, on the other hand, may require excessive computer
time depending on stability requirements and angular velocity.
Stability considerations limit the maximum value of the time
increment used in advancing the numerical solution. Further-
more, in order to obtain sufficient points during a temperature
cycle, the time increment must be a fraction of 32} . This

limit may be a more severe than stability requirements.

4. Since the parametric charts of case (i) (constant free
stream conditions), figure 5, are for a non re-radiating surface,
they may be used only to give trends in temperature behavior

as the various governing parameters are changed.
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APPENDIX A

FORMULATION OF THE NUMERICAL SOLUTION

FINITE DIFFERENCE FORMULATION

Governing Equations:

Pre ——— --....-n“

——— | V) - |

. . o . * . . . 4 4

~an k. d oy L !

| 2 l

|

. ot — -
82 3 --« NN Nel N#2 - - - - - M M+

For material 1 (i = 1,2 ....Nl), equation (54) is approximat-

ed by

8. -6 _ 6. - 26; + 6,

AT ag?
or
9"' = § + f-::‘ 6., - 26 + 9‘-“) (A1)
where
b=

N1 being the number of strips in material 1.
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For material 2(i = N+1, N+2,...M), equation (55) is

approximated by

/

6 -6, t, 8 _26., 6.
e T ) ()
2

or

o X AT

o =6+ (8) i (8- 264 8,)) (a2)
where :

A = —si

N2 being the number of strips in material 2.

Boundary Conditions

To formulate the boundary conditions at the interface (i = N1 = n)
the fictitious temperatures q, at a distance A‘., to the right
of the interface, and aw at a distance A&, to the left of

interface are introduced. Then, by equation (Al)

— ————— ]
0 | Oy
AR .6-;!
— e e S
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6 =8 . AT (o 0
on = Yn + =1 ( ney = 2 n +* ol') (A3)
Ak.

and by equation (A2)

/ 2
Ban = B (8) % (8¢ - 26, « 0y,,) (a4)
3

To eliminate the fictitious temperatures 9” and e;g '
boundary conditions (57) and (58) are used. Equation (57)

gives

e(cm = e(z)n (AS5)

Boundary condition (58) is approximated by

9l¢"" Q- A Oner — Oag
as, ~ Ca ( - A;‘L )
or
A A&k,
enf' en-. + %-‘ 'A'E‘(Gu-n - 6) (né)
Equations (A3), (A4), (A5) and (A6) give
/
e’\ = el\ -+ c; aT (en-| - eh) +*- C‘ aT (9.". - ") (A7)
where
23
C3= LAl Y 30 ' (a8)
A x,
e tM <y
24 (B __
4 4 4 o3
o A'ln
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For the boundary condition at & =-1 (i = 1) a fictitious

temperature 6, at a distance Aﬁl to the left of the boundary
at X =-1 is introduced. Equation (Al) gives

?
= AT
0 = 6 « —At" (9, - 26, +61)

(Al10)
'

To eliminate the fictitious temperature eo, boundary condition

(60)is employed in finite difference form.

TN - Qm[u + 8 SN nz'] _o{[n

2 &%,

+ 56,14— H )

or

b= 6. + 2% {ch)[i+ S SIN ﬂ‘C] - '3[("* Eé,)‘

]
(Al1)

(A10) and (All) give

e.' = 9‘ + -Q-'AD-—;‘Z‘ {el-@'-p A‘[Q(t)(h-s SIN Qf)]

-b &g fu+ €0,) - H]} - (A12)
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The adiabatic condition at $s4 is handled by setting

where m is node at -!-/3

STABILITY

To establish the stability requirement in material

(Al) is rewritten as

6= AT (o
ae

ioy t+') + (1= 2

A“') e

stability consideration requires that

(- .91; > 0
AS;"
or
¥ 3
sz = O
2

For material 2, equation (A2) is rewritten as

o‘.=(_€__)z 8T (6. .6, )+[n-z(a)‘ at ]e

Agl ¢~ [
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(A13)

equation

(Al14)

(Al5)

(Ale)



stability requires that

- 2 (ﬁis‘ ff? = 0

or

- (A17)

To determine the stability condition at the interface,

equation (A7) is rewritten as

!

9" = C3 oT 9"_‘ -+ C4 AT 9'“' + (l.. CQM- Q At) e" (A18)
stability requires that

or

% & (Alg)

A

C3+ C4
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To establish the stability requirement at &#z-1 , equation

(Al2) is rewritten as

6"= 26T {ez+ A*. [Q(t)(l+ 2 SINRT) + DH]}
At.‘

+ 6 4 28T [.. e, - &5 D(14 Ee,)q] (A20)
Y

or

9" = 24t 6,+ A¥ [Q(C)(l + O SINSRT) + D(H"‘)]}
AxE A

3
+{|_ 28T [, A% D(4E+ GE 'O, + 4E67

I ‘
)

+ E‘@,’)]} e, (a21)

stability is insured if

' - Z_A_':.Ct[u... Al D(4E+ 6519.-*":‘6,2..5‘9.3] =0

A [ ]
or
oyt
AT = 2 (a22)

P + 05 D(4E + 6E’0, + 4676 . E“e,s)l

65



APPENDIX B

COMPUTER PROGRAM FOR THE NUMERICAL
SOLUTION OF CASE (i) - CONSTANT
FREE STREAM CONDITIONS.

Definitions of Input Quantities

FORTRAN NAME SYMBOL OR MEANING

NAME (I) Title of run under consideration.
Two cards to be used.

BETA Y.
SIGMA o
v K
DELTA o
D D
E E
H H
OMEGA Q1
N1 N1 (Number of strips in material 1)
N2 N2 (Number of strips in material 2)
STAU Starting time of solution
DTAU aT
PTAU1 Print out interval in range 1
PTAU2 Print out interval in range 2
CHANGE Value of T at end of range 1
FTAU Final dimensionless time
Q Q(T) =1.0
T(I) Initial temperature
distribution at all nodes,
dimensionless
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$I1BJOB KRAMER DECK,MAP
$IBFTC ROBERT DECK,FULIST

DIMENSION NAME (32)
DIMENSION T(1000), TP{1000)

1 READ (5+97) (NAME(I)yI=1,32)
97 FORMAT (16A5)
: WRITE (6,99) (NAME(I},I=1,32)
99 FORMAT (1H1,24A5/1X24A5)
READ(542) BETA,SIGMA,U,DELTA,D+E,HyOMEGA
2 FORMAT( 8E10.0)
WRITE{6,5)BETA,SIGMA,U,DELTAyD,E+H,OMEGA
5 FORMAT(///1H 4 39X, B8H BETA=El4.7, / .

1 40Xy BH SIGMA=El4.7, /
2 40X, 8H U=El4.7, /
3 40Xy 8H DELTA=El4.7, /
4 40X, 8H D=El4.7y /
5 40X, 8H E=El4.7, /
6 40X, B8H H=El4.7y /
7 40Xy, 8H OMEGA=El4.7 )
C
' READ(S5S+10)N1,N24STAU,DTAU,PTAULl,PTAU2,CHANGE,FTAU,Q
10 FORMAT (215,TE10.0)
WRITE(6,1T)N1,N2,STAU,DTAU,PTAULl,PTAU2,CHANGE,FTAU,Q
11 FORMAT ( 40Xy 8H N1=12 v /

40Xy B8H N2=I12 v /
40X, 8H STAU=El4.T7, /
40X, 8H DTAU=EL4.T,y /
40X, B8H PTAUl=El4.T, /
40Xy B8H PTAUZ2=El14.7, /
40Xy 8H CHANGE=El4.7, /
40X, B8H FTAU=El4.7, /
40X, B8H Q=El4.7 )
WRITE (6499) (NAME(I),1=1,32)

O~NOPrVHWN P~

c

CeeeaM=TOTAL NO. OF POINTS
M=N1+4N2+1

C
IF(STAU.EQ.0.) GO TO 30

CeesREAD INITIAL TEMPERATURE DISTRIBUTION
READ(5,25)(T{1)s1=1,M)

25 FORMAT(8E10.0)

GO TO 40

C

Ceeeo INITIALIZE ALL TEMPERATURES TO ZERO
30 DO 31 I=1.M
31 T(I)=0.

c
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Ceeee CALCULATE ALL NECESSARY CONSTANTS
40 FN=N1

DX1=1./FN

FN=N2

DX2=BETA/FN

Cl=1./(DX1%a2)

Cl12=2.#Cl

BOS=BETA/SIGMA

C2=(B0S/0X2)#=2

DEN=BOS+(U#DX2)/DX1

C3=(2.#BOS*C1)/DEN

C4a=(2.#U+B0OS##2)/{DEN®DX1#DX2)

N=N1+1

NP1=N+1

MM1=M-1

MP1l=M+1 ‘

PRTIME=STAU-DTAU/10.

TAU=STAU
c
CeessCHECK FOR STABILITY
Ceoses s MATERIAL 1

DTAUP=1./Cl2

50 IF(DTAUL.LE.DTAUP) GO TO 60

DTAU=DTAU/2.

GO TO 50
CeoesMATERIAL 2

65 IF(DTAU.LE.DTAUP) GO TO 70

ODTAU=DTAU/2.

GO TO 65
Ceees INTERFACE

10 DTAUP=1./(C3+C4)
75 IF(DTAU.LE.DTAUP) GO TO 80
' DTAU=DTAU/ 2.

GO TO 75
C'.‘IG'I'QQ‘I...I“I‘.'l'..ll.l.‘ll"..
Caees«BOUNDARY

80 DTAUP=1./(C12%(1.+DX1#DsE# (4. +E#T(L)n(6.+E*T(1)u(4.+E=T(1)}))))
85 IF{DTAU.LE.DTAUP) GO TO 90

DTAU=DTAU/2.

GO TO 85
CeeesADIABATIC BOUNDARY CONDITION

90 T(MP1)=T(MM1)
c

IF({TAU.LT.PRTIME) GO TO 120

IF (PRTIME.GT.CHANGE) GO TO 91

PRTIME=PRTIME+PTAUL

GO TO 92

91 PRTIME=PRTIME + PTAU2
Ceee«PRINT TEMPERATURE DISTRIBUTION
92 IF (PRINT.LE.4.) GO TO 94 e e e
PRINT = 0.0
WRITE (6,99) (NAME(I),1=1,32) o . oo
94 WRITE(6,100) TAU,DTAU
100 FORMAT{// 36X, 4HTAU=E12.5, 5X+5HDTAU=E12.5])

WRITE(6,101) (I,T{I),I=1sM) -

101 ... FORMAT{ S(4X, 2HT (s 1242H)=, E12.5) ) _

PRINT =PRINT+1.0
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c
120 IF(TAU.GE.FTAU) GO TO 1
c
W1l=Q#(1.+DELTA«SIN(OMEGA#TAU))
W2=D#{{1l.+E«T(1l))ne4d —-H)
c
Ceeeos CALCULATE TEMPERATURES AT TAU+DTAU
CeeoeBOUNDARY
TP{1)}=T(1)+C12#DTAU#(T(2)=-T(1)+DX1e(Wl=-W2))
Cece.MATERIAL 1
00 130 I=2,N1
130 TPAI)=T{I)+C1laDTAUS(T(I-1)-2.=T{I)+T(I+1))
Ceeeo INTERFACE
TPIN)=T(N)+DTAU#(C3#(T(NL)-T(N})+C4»(T(NPL)-TI(N}))
Ceee e MATERIAL 2
DO 140 [=NP1l,M
140 TPLI)=T(I)+4C2+DTAU#(T(I~1)=2.#T(I)+T(I+1))
C
Cees o INCREMENT TAU
TAU=TAU+DTAU
Ceee s RESET
D0 150 I=1,M
150 T(I)=TP(I)
GO TO 80
C & % # 5 & & 2 % % & % &8 % & 6 & & # % % % % % B 8 B 8 & % 8% % & &

END

$ENTRY
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APPENDIX C

COMPUTER PROGRAM FOR THE NUMER ICAL
SOLUTION OF CASE (ii) - VARIABLE FREE
STREAM CONDITIONS: ENTRY CASE

Definitions of Input Quantities

FORTRAN NAME SYMBOL
NAME (I) Title of run under consideration.

Two cards are to be used.

BETA A

SIGMA o

0 p

DELTA 5

D D

E E

H H

OMEGA

N1 Nl (Number of strips in material 1)

N2 N2 (Number of strips in material 2)

STAU Starting dimensionless time

DTAU AT

PTAUl Print out dimensionless time
interval in range 1

PTAU2 Print out dimensionless time interval
in range 2

CHANGE Vale of € at end of range 1

FTAU Final dimensionless time

DIFFUS &  (ft2/hr)

AA a (in.)

NOPTS Number of points in the table of
qo(t) vs. t for entry heating.

J ‘ 1 for new table of qo(t) vs. t

2 for table of qo(t) vs. t of previous

cage.
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FORTRAN NAME SYMBOL

TIME (I) Set of time values t, in seconds,
at which values of qo(t) are
tabulated

Q0 (1) Set of entry heat flux, qo(t),

in Btu/ft? - sec

T(I) Initial temperature distribution
at all nodes, dimensionless
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ISN

12 RRITE (€4S9) (NAME(I),I=1,32) _
17 S9 FORMAT (1H1,24A5/1X,24AS)
20 READ(5,2) BETA,SIGMA,UCELTAGCyEsH,OFEGA
21 2 FCRMAT{ BE10.0Q) .
22 WRITE(6.5)BETA,SIGMA,U,DELTA,D0,E,H,CMEGA
23 5 FORMAY(///1H o, 39X, 8H BETA=El4.7, /
1 40Xy, 8H SIGMA=El4.T7,
2 40X, 8H UzEl4.T,
3 40X, B8H DELTA=El4.7,
4 40X, 8H C=zEl4.7,
] 40x, 8H ExEl4.7, m
é 40X, B8H H=El4.7, /
1 40xy 6H CMEGA=El14.7
C
24 REAC(S:10)NLoN2,STAU,CTAU,PTAUL,PTALU2,CHANGE,FTAU
21 10 FORMAT (215,6E10.0)
.30 WRITE(G6o11INL N2,STAU,OTAU,PTAULPTAL2,CHANGE«FTAU
311 11 FORMAT{ 40X, B8H Nl=12 s /
1 40X%, 8H N2=12 v /1
2 40X, 8H STAU=E14.T, /
3 40x, 8H DTAU=El4.7, /
4 40X, 8H PTAULl=El4.7, /
5 40Xy, 8H PTAUL2=El4.7,y /
6 40Xy 8H CHANGE=El4.7, /
7 40X, &H FTAU=ELl4.7
C
32 READ (5,7) DIFFUS,AANCPTS,J
35 7 FCRMAT({ZF10.6,211C)
C CIFFUS=THERMAL OIFFUSIVITY IN FCCT SCUARE PER FKCUR
o AA=THICKNESS OF REFRACTCRY MATERIAL IN INCFES
C NOPTS IS THE NUMBER CF DATA PCINTS USEC FCR TIME(I) CR
3¢ WRITE (€,23) DIFFUS, AA, NCPTS
37 23 FORMAT( 40X, 8H DIFFUS=ELl4.7, /
1 40X, 8K AA=El4.T, /
2 40X, B8H NCPTS=I3 )
C
40 WRITE (€,34)
41 34 FORMAT (/7 25X, 10H 0=,
162HEPSILCN » STEFAN ® T([)as4 / (CQ(O) = R)
2 25Xe 1CH € =,
362HQCIC) # R = AA/ (K1 & T(I))
4 25X, 1CH H= o o
562HlTE/Tll))004
25%y ICH PTALL = o~ 77

- 42

SCURCE STATENMENT

$IBFTC ROBERT DECK

CIMENSICN NAME (32)

CIMENSICON T(1€0), TP(1CO0)

CIMENSICN TIME(S50),CC(50),TTAL(S50),QT(50),ZTAU(S0)

1 REAC (5,97) (NAME(I),I=1,32)
11 S7 FORMAT (1€A5)

\\‘\\\

76¢PPRINT INTERVAL UP TC VALUE CF CHANGE _
PTAL2 =,

8 25X, 10H

G62KPRINT INTERVAL AFTER VALUE OF CHANGE

WRITE (€,36)

Y 1 A

o

cQln



43

44

51

54
€l
éé¢

1C5
1C¢

111
11¢
1117

120
121

122
124
125
126
127
1130

36 FORMAT ( 25X, 1CH DIFFUS = ,

162FTHERVMAL DIFFUSIVITY IN FCOT SCUARE PER HCUR

2 25X, 1CH AA =,

262KTHICKNESS CF REFRACTORY MATERIAL IN INCFES

4 25X, 1CH NOPTS = ,

S¢2HNUMBER OF POINTS USED FOR INPUT CATA CF TIME VS CCCOT
c .
WRITE (€,99) (NAME(I),I=1,32) L
c

IF (J.EC.2) GO TC 111 _

CeeeoIF J=2 USE THE SAME TABLE OF Q@ VS TAU
Ceec.READ IN TABLE OF C VS. TAU
READ(S+2)(TIME(L) o I=14NCPTS)

READ(5,3)  (CQ(I)4I=1,NCPTS)
3 FORMAT(SE16.8)
TIME(I) IS THE SET OF SELECTED VALUES CALLEC TIME WHICH ARE USEC
AS DATA FOR THIS PROGRAM
QQUI) IS THE SET OF SELECTED VALUES CALLEC CCCCT WHICK ARE USEC
AS CATA FCR THIS PROGRANM
TIME(1)=0.0
QQ(1) =Q(0)
CAPPA=DIFFUS#144.0/(36C0.0nAASAA) o
CAPPA=(SQ.FT./HR) (SQeINe/SQeFTo)/(SEC/HRI-(SCoIN))=1/SECONCS
Ceee.WRITE OLT TABLE CF G VS. TAU
WRITE(6,9)
9 FORMAT(// 36X, 3SHTABLE OF TAU VS C ANC TIFME VS CCCCT///31X,1EN,
1 X, 6HTAU(N), 9X, 4HC(N), 9X, THTIME(N), 6X, BRCCCCT(N}/)
CC 6 II=1,NOPTS
TTAUCTT)=TIME(II)«CAPPA

=000
—
s

QT(II)=QQ(II)/CQ(1) B
6 WRITE(6y4) 1T, TTAUCIT) oQTC(IE),TIMECIE}CQUIT)
4 FORMAT( 29X, I3, 4( 3X, F11.6 )}
c
WRITE {€,59) (NAME(I),[=1,32)
c
CeoeeM=TOTAL NO. OF PCINTS
MaNL1eN2+1
c

IF(STAL.EQ.0.) GO TC 3¢
CeesoREAD INITIAL TEMPERATLRE DISTRIBUTICN
REAC(5,25) (T(I),0=1,M)
25 FORMAT(EE10.0)
GC TO 4C
c

Cewse INITIALIZE ALL TEMPERATURES TC ZERC

3¢ CO 31 [=]1,M
31 T(I)=C.
c
CeoesCALCULATE ALL NECESSARY CCNSTANTS
40 FN=N1
CXx1=1./FN
FN=N2
CXx2sBETA/FN
Cl=1./(CX1lwa2)
C12=2.4C1
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131 ~ BOS=BETA/SIGMA

132 C2={BOS/DX2})e=2 -

133 DEN=BOS+(UsDX2)/DX]

134 C3=(2.%BOS#*C1)/DEN o o

135 C4=(2,eLaB0See2)/(DEN®DX1eDX2)

12¢ N=N1+]) —

137 NPl=aN+]

140 . MM]l=M-] e

141 MP1aM+] :

142 PRTIME=STAU-0TAL/10. = =

143 TAUsSTAL

144 KCOUNT=C e
c

CeessCHECK FOR STABILITY
CoeeeMATERIAL 1

145 CvAauP=1./Cte
146 50 IF{DTAL.LE.DTAUP) GO TO 60

151 CTAU=0TAU/2,. e e
152 GO 10 5¢C

CoassMATERIAL 2
153 60 CTAUP=1./(2.%C2)
154 65 IF(DYAU.LE.DTAUP) GO T1C 70

157 DTAU=DTAU/2.
_1€0 GO TO &5 e e e
Cees s INTERFACE

161 70 OTAUP=1l./(C3+C4)

162 15 IF(DTAU.LE.DTAUP) GO TG 60

165  DTAU=DTAU/2.

166 GC 10 15
cl.l.l..ll..‘.‘.'l.lI.ll'.lll..l..ll
Cevo.BOUNDARY

_ 167 8C  DTAUP=1./(C12#(1.4DX1%D8E® (4. +E0T(1)a(6.+ESTI1)a(4.+EaT(1}))}))

170 85 IF(DTAU.LE.DTAUP) GC 1O 90

173 - ©CTAu=CTAU/2.,

174 GO TO 85

c

CessoADIABATIC BOUNDARY CONDITICN

175 90 T(MP1)=T{(MM1)

C
176 IF(TAU.LT.PRTIME} GC TO 120
201 IF (PRTIME.GE.CHANGE-0.01) G6C TC 91
204 PRTIME=PRTIME+PTAL]L ‘
205 0 0 60 to s2 T
206 S1 PRTIME=PRTIME + PTAL2
R

CeeeoPRINT TEMPERATURE DISTRIBUTION
TTT20T T 7T 92 IF (PRINT(LE4.T GU YU 94 T
212 PRINT = 0.0
T TAITTTTTTTOMRLTE (E"QQY_TﬁIﬂE(TYoltlyBZD
220 94 WRITE(6,100) TAU,DTAU
"""" €21 10U~ FORMAT(// 36X, 4HTAUSETZ.S, SX,SHUTAUSEIZ.S5)

__222 _WRITEL6,101) (1,T(0),Q=dp®) =~~~
2277101 " FORMAT( S(4X, 2HT(, 12.2Hi=, E12.50 )
210 PRINT =PRINT+1.0
C




221 120 IF{TAU.GE.FTAU) GC TC 1

C
Co L] .LCOK-UP Q
234 0C 8 K=14NOPYS e
235 IF{TAL-TTAU(K))12,13,8
23¢ 8 CCNTINUE e
240 KCOUNTsKCCUNT+1
241 Q4TAU=QT(NOPTS)+ (TAU-TTAU(NCPTS) ) #(CT(NCPTS)-QTUINCPTS-1))/(TTAU(NG
1IPTS)-TTAU(NOPTS-1))
242 . IF (KCOUNT.GT.1) GC TC 15
245 WRITE(6,16)

246 1¢€ FORMAT { 1Xy 27THIN ALL FURTHER CALCULATICNS,
162HTHE LARGEST VALUE CF TAU IN THE TABLE IS SMALLER THAN TAU REQU,

24CHIRED. THEREFORE , o / 1X, 10FTHE VALUE ,
362HOF Q USED IS THE RESULT OF A LINEAR EXTRAPCLATICN BASEC CN THE,
44CH LAST TWO TABULATEC VALUES. S )

2417 GC 1O 15

250 12 IF(K.GT.1) GO TO 14 _

252 WRITE (6,18)

254 18 FORMAT(//5X,54HRESUBMIT THE CATA WITH THE FIRST ENTRY FCR TIME =
1.C.)

255 GC 10 1

25¢ 14 Q4TAU=QT(K-1)+(QT(K)~QT(K=-1))#(TAU-TTAU(K=-1))/(TTAU(K)-TTAU(K=1))
2517 GC 10 15
260 13 Q4TAU=QT(K)

261 15 Q=Q4TAL S
c

2¢2 Wl=Qe(1.+DELTA*SIN(OMEGASTAU))

263 W2=Da((1.+E8T(1))neh =H)
CaeesCALCULATE TEMPERATURES AT TAU+CTAU
CeeesBOUNDARY , , o

264 TP(L)aT(1)+4C12¢DTAU®(T(2)-T(L1)+CX1a(W1-K2))
CeesMATERIAL 1

265 0O 130 [=2,N1

266 130 TPUII=T{1)+C1#0TAUR(T(I-1)-2.0oT{I1)+T{I+1})
Coees INTERFACE

2170 TPIN)=T{N}+DTAUS(C3a (TINL)-TIN))+C4=(T(NPI)=T(N)))
CeassMATERIAL 2 ﬂ
271 O 140 I=NP1,M
272 140 TP(I)=T(I)+C2¢DTAUS(T(I-1)=2.4T(1)+T(I+1))
c
Ceoss INCREMENT TAU
274 TAU=TAU+DTAU
CeeeoRESET
21s 00 15C I=1,M o
276 150  T(I)=TP(I)
300 60 10 &C

C # » 0 & 8 8 8 8 o % 8 % 4 8 8 8 8 8 a % a8 o 4a 8 e 8 s 9 689 aa s s =

301 END



APPENDIX D

COMPUTER PROGRAM FOR THE EIGEN-VALUES

Definitions of Input Quantities

FORTRAN NAME SYMBOL OR MEANING

v A

5 g

N A number greater than or equal

to the value of the last Lambda
divided by DL

DL Width of interval checked for
change in sign (root)

STOP Number of Ns desired (value of n)
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ISN

SOQURCE STATEFMENT

0 $IBFTC VALUES DECK
1 CIMENSICN F(3000),2LAM(3000)
2 CCVMMON A,B,C,yD
3 EXTERNAL FUN
4 1 WRITE{(6,42)
5 2 FCRMAT(1H1,40X,26HCOMPOSITE SLAB EIGENV‘LUES/////)
6 READ{543) UySsN,yDL.STOP
10 3 FCRMAT (2E 10.0,110,2E10.0)
11 WRITE (644) S,U,DL
12 4 FORMAT (3X,6HSIGMA=F12.8,6X43HMU=F12.8, 6x'13HDELTA LAMBDA=F12.8///
1/77)
13 WRITE (6451)
14 51 FORMAT (6X,1HN,8X,9HLAMBDA(NY/7Y — 7 7
c
Ceee.CEFINITONS FOR SYMBOLS
c
(o U = GREEK LETTER MU
C S = GREEK LETTER SIGMA
c DL = WIDTH OF INTERVAL CHECKED FOR CHANGE IN SIGN (ROCT) OF F
(o STOP = NUMBER OF LAMBCAS DESIRED
C N = A NUMBER GREATER THAN OR EQUAL TO THE VALUE CF THE LAST
C LAMBDA OCIVIDED BY OL
C
15 A=1.+U
16 B=l.4S o o o- e e e
17 C=1l.-U
20 C=1.-S
21 El=1.0E-6
22 E2=1.0€-6
23 CO 5 I=1.N
24 ZLAM(T)=DL«FLOAT(I) — B T
25 G=AsSIN(BeZLAM(I)})
26 H=CaSIN(D#ZLAM(I))
27 5 FII)=G+H
31 NCOUNT=0
32 7 CC 11 L=2,N
33 IF ({(FIL-1)/7F(L}Y).GT.0.) GO TO 11 -~
36 BL=ZLAM({L-1)
37 BU=ZLAM(L)
40 9 GUESS=0.5#(ZLAM(L-1)+ZLAM(L))
41 CALL ROOT (FUN,T,GUESS,BL,BU, El'EZlI,
42 IF {I.NE.1) GO TU 13
4% 77 7 TUNCOUNT=NCOUNT+1 ~~ ~ 77— 70 7o e
46 WRITE (6+10) NCOUNT,T
47 10 FCRMAT (4X,13,5X,F13.8) T
S0 KSTOP=STOP
51 IFINCOUNT.GT.KSTOP) GO TO 1
54 GC 10 11
55713 7 "HWHRITE (&,14) o o T T T
56 14 FORMAT (6Xo34HRO0T HAS NOT GIVEN A NURH‘L RETURN)
57 11 CCNTINUE
61 WRITE (&,12)
62 12 FCRMAT(1H1)
63 GC 10 1
— G~ ———END~ -~ o e
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- SCURCE STATEMENTY

$1BFTC FUNCTN — 7 77
FUNCTION FUNILT)
COMMCON A,B,C,D
FUN=AsSIN{(BeT)+CeSIN(C»T)
RETURN
END



ISN

SCURCE STATEMENT

0 $IBFTC RCOTSL

1

HwN

OO0 00000000

OO0 N O

o~NO

80
10
13
17

18
20

19
22

21

SUBROUTINE RCOT {FUN,RoAsBLyBUEP,E2,1)

\
SUBROUTINE RCOT IS USED TO APPROXIMATE AND HOME IN ON THE DESIRED
RCOT

ARGUMENT LIST~--

FUN-FUNCTION SUBPROGRAM NAME

R ~-ARGUMENT OF SUBPROGRAM AND VALUE OF ROOT

A -INITIAL GUESS AT ROOTY

BL -LOWER BOUND ON ROOT

BU -UPPER BOUND ON RCOT

EP -EPSILON TEST FOR FUNCTION - IF FUN(R) (ABSOLUTE
VALUE) IS LESS THAN CR EQUAL TO EP, [=1 AND
RETURN

E2 ~EPSILON TEST ON RCOT APPROXIMATION. IF RATIO OF ODIFF-
ERENCE OF SUCCESSIVE APPRCXIMATIONS TO CURRENT
APPROXIMATION IS LESS THAN €2 IN ABSOLUTE VALUE,
I=1 AND RETURN.

I -ERROR CODE =1 FOR NORMAL RETURN

CIMENSICN X{3),FX(3)

G=A

ISP=0

TEST FOR LOWER BOUND ON ROOT LESS THAN UPPER BOUND
IF (BL-BU) 142.2

IF NCT , ERROR CODE I=3. RETURN.
I=3

RETURN

TEST FOR GUESS OUTSIDE BOUNDS.
IF (G-BL) 9.7,8

IF (G-BU)6»7+9

IF YES, ERROR CODE I=1 ANC RETURN
[=2

RETURN

IF GUESS=LOWER BOUND, COMPUTE GUESS=0.5#(BU+BL)
G=(BL+BL) /2.0

GL=BL+0.1#(G-BL)

GU=BU~ C.1#(BU-G)

R=G

FG=FUNI(G)

IF (ABS(FG)-EP) 13,13,32

IF (ABS (FX(11))-€P) 13,413,17
I=1

RETURN

I1=11

IF (FX(Il)) 18,18,419

IF(FX{I2)) 20,20,21

IM=1

GC 710 23

IF (FX(12)) 24,24,22

I¥=0

GC TO 23

IP=12

79



24

27
12

14

28

63
64
34

65
29

33
35

36
38

37
40

39

42
43
44

26
32

I¥=11

GC TO 25

IP=I1

IM=12

GC T0 25

00 26 1Cl1=1,20

RCOT HAS NOT BEEN BRACKETEOD. USE SUCCESSIVE APPRDXIMATIONS,

T=FX{12)-FX(I1)

IF (ABS(T)-0.01#EP) 27,27,28
IF (X({I1)=X(I2)) 14,412,14
I=4

RETURN
X(IF)=0.5#(X([1)+X{I2})
R=X{IF)

GC TO 33
XUIF)=X{12)=(X(12)~-X{11))/TeFX(I2)
R=X(IF)

IF (X(IF)) 63464463

IF (ABSUUXUIF)=X{I2)V/X{IF))-E2 ~~T 34,34,65
IF (ABS(X(IF)-X(I2))-E2 ) 344+34,65

EX(IF)=FUN(X(IF))

GC T0 13

IF (IB-1) 29,29,33

IF (BL-X(IF)) 31,31,32
IF (X(IF)-BU) 33,33,32 ~~—~ — 77
FXCIF)=FUN (X(IF))}

IF (ABS(FX(IF))-EP) 13,13,35
IF (FX{IF)) 36,13,37
IF (IM) 38,38,39 T
IP=12

IM=]F

IF=I1

GC TO 25

IF (IM) 39,39,40

IP=1F

IvM=]2

IF =11

GC 70 25

I1=11+1

12=12+1

IF=1F+1

GC TO (42,42+443444),1F
12=1

GC TO 26

I1=1

GC TO 26

[F=1

CCNTINUE

ISP=15P+1

I1=1

12=2

IF=3

X{12)=G

FX{I2)=FG

GC TO (47+48+949+50451+69,707,ISP



125
126
127
130
131
132
133
134
135
136
137
140
141
142
143
l44
145
146
147
150
151
152
153
154
155
156
157
160
161
162
163

164
165
166
167
170
171
172
173
174
175
176
177
200
201
202
203
204
205
206
207
211
212

47

48

49

71

50

51

69

70

59

60
52

ERD

X(I1)=GL

R=GL

FGL=FUN(R)

FX(11)=FGL

GC T0 10

X{I1)=GuU

R=GU

FCU=FUN(R)

FX{11)=FGU

GC TO 10

X(12)=GL

FX{12)=FGL

G2=z0.5+(G+BL)

X{I1)=G2

R=G2

FG2=FUN(R)

FX{I1)=FG2

GC T0 10

X{I11)=G2

FX{I1)=FG2

GC T0 17

G2=0.5+({G+BU)

GC 10 71

X{I1l)=GU

FX{I1)=FGU

X(12)=62

FX(I12)=FG2

GC 70 17

I=5

RETURN

CC 52 1C=1,50

RCOT HAS BEEN BRACKETED. USE APPROXIMATIONS ON EACH SIDE.
X(IF)=XCIP)=(X{IPY-XLIMI)/UFXCIP)-FX{IM)}=FX(IP)
R=X(1IF)

IF (X(IF)) 61,62,61

IF (ABS({(X(IF)-X(IP))/X(IF))-E2 ) 34,434,677
IF (ABSC{X(IF)=-X(IM))/X{IF))}-E2 ) 34,34,53
IF (ABS(X{IF)-X(IP)) ~-E2) 34,34,68
IF (ABSIX{IF)-X(IM))} —-E2) 34434,5)
IF (IB-1) 54,54,55

IF (XUIF)=-BL) 32,56,+56

IF (X(IF)-BU) 55,55,32

FX(IF)Y=FUN(X({IF})

IFf (ABS(FX(IF))-EP) 13,13,57

IF {(FX(IF)) 58,13,59

IT=IM

IN=IF

GC T0 60

IT=1IP

IP=IF

IF=IT

CCNTINUE

GC T0 32

8l -



APPENDIX E
COMPUTER PROGRAM FOR THE ANALYTICAL
SOLUTION OF CASE (i) ~ CONSTANT FREE

STREAM CONDITIONS

Definitions of Input Quantities

FORTRAN NAME SYMBOL OR MEANING

TI Initial time

TF Final time

DT AT

OM 0

MU /4.

S o

XI

D S

IC 1 for new set of An
2 use set of An from previous case

N n, number of ‘N's

LAM (I) An
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30
31

32
37
40
41

42
43
44
45
46
47
50

$1BFTC SLAB2T

8

12

OO0 O0

SOURCE STATEMENT

DECK

REAL MuU,LAM,LAM2

OIMENSION LAM(100),LAM2(100),E{100),H1(100),H2(100),H3(100)

5 READ (542)
FORMAT (8E10.0)
READ (5+3)
FORMAT (215)

IF (1C.EQ.2)

READ (5.4)
FORMAT (SEL16.8)

WRITE
FORMAT (1H1,20X,78HNO RADIATION COMPOSITE SLAB TEMPERATURE----FOR

{641)

TI+«TF4DT,0MsMU,+S,XI,D

ICeN

(LAM{I

GO 10 19

JoI=14N)

LCONSTANT FREE STREAM CONDITIONS///7)

NN PWN -

WRITE (6,5)
FORMAT (45X,3THINPUT PARAMETERS FOR THIS CASE ARE
WRITE (646)
FORMAT (///

WRITE(6+7)

FORMAT {1HO,40X,52HTHE VALUES OF LAMBDA ARE,

1L TO N/77)

WRITE (6,8)

TI+TF,
45X,
45X,
45X,
45X,
45X,
45Xy
45X,
45X,
45X,

(LAMC(IT

DTsS+DsOMs X1 4 MU4N
15H TAU INITIAL
15H TAU FINAL
15H DELTA TAU
15H SIGMA
154 DELTA
L5H OMEGA
15H X1
15H MU
15H N

)y I=1aN)

FORMAT ( 5 {(1X,F20.8))
WRITE (6412)

11)))

eees.DEFINITONS FOR SYMBOLS

TF
TI
T
oM

s
MU
XI

D
IC

N

[ (T T R I I I

TAU FINAL
TAU INITIAL

DELTA
GREEK
GREEK
GREEK
GREEK
GREEK
CyCLE

TAU

LETTER
LETTER
LETTER
LETTER
LETTER

CHECK--READ IN 1 FOR NEW SET OF LAMBDAS---
READ IN 2 TO USE SET OF LAMBDAS FROM PREVIQUS CASE

CAPITAL OMEGA
SIGMA

MU

X1

DELTA

NUMBER OF LAMBDAS READ IN

A=l.+MU
B=1.+S
C=1--MU
P=l.-S
F=1,+MU=*S
G=S+XI
H=S-XI

.83 ..

LA I T (Y I T T}

Fl12.8,/
Fl2.8,/
Fl2.8,4/
Fl2.8./
F12.81/
Fl2.8,/
Fl12.8,/
Fl2.8:/
I3 v/)

FORMAT{1HO+14X,3HTAU,30X,13HTHETA/ (ARQ/K) 125Xy 20HABS(SUM N/SJUM (N-

READING ACROSS FROM 1



51
54
55
57
60
61
62
63
64
65
67
70

72

73

T4

75

76
101
102
103
104
105
106
111
113
114
115
116
117
120
123
124

18
17

10

20
21

11

13

14

IF (IC.EQ.2) GO TO 17

DO 18 [=1,N

LAM2{T)=LAM(TI)=LAM(])

DO 9 I=1,N

El=A«B8+COS(BeLAMI{]))

E2=CoP«COS{P#LAM(I))

E(I)=El+E2

H2(1)=(LAM2(1}/0M)»=2+1, :
H3(I)=1./LAM2([)-{D/OM)/H2(1)
H1(I)=(A#COS(LAM(I)»H)+CoCOS(LAM{I)*G))/EL])
TAU=TI

Gl=TAU+(D/0OM)={1.-COS(OM*TAU)}) . __ . :
G2=3.8X[wX]+2,.,858S5~ 6.0MUnSaX]~ ‘c‘Zo'S‘(S’HU),F
G3=G2#(1.+D*SIN(OM®*TAU) )} /6 .
G4=(Gl+G3)/F

SUM=0.0 e e e
DO 11 Kzl’N

IF {LAM2{K)®*TAU.GE.B86.)1 60 10 .20 —_
H4=H3(K)=EXP {-LAM2(K)=»TAU)

GO TO 21 . e e e e
H4=0.0

H5=(COS(OM»TAU)/0OM+SIN(OMeTAU) /LAM2(K))eD/H2(K)
SUM=SUM+HL1 (K)®(H4+HS5)

IF ((N-K)+EQal) ZI=SUM_ . et e e e o
CONTINUE

THETA=G4-2.,#SUM = _ _ ...
22=ABS(SUM/Z1)

WRITE (6+13) TAUTHETALZ2 = ___ _ . __.
FORMAT (1H ,6X,F15.8,8%x,F20.8, 20X,F20.8)
TAUsTAU+DT = e e e e

IF {(TAU.LE.TF) GO 70 10

GO 10 15 el

END
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APPENDIX F

COMPUTER PROGRAM FOR THE ANALYTICAL
SOLUTION OF CASE (ii) - VARIABLE FREE
STREAM CONDITIONS: ENTRY CASE

Definitions of Input Quantities

FORTRAN NAME

TITLE (I)

U

OM
XI
LC

GL
Rl
R2
R3
R4

DT1
DT2
DT3
DT4
TIMEA
TIMEB
TIMEC
TIMED
TIMEM

SYMBOL OR MEANING

Title of run under consideration.
Two cards are to be used.

<4 > mNDorqN

Limit of T in print out

t
t
tc R H L]
t
t

85

of range 1

"2
" "3
v g
2
3
4



FORTRAN NAME

TIMEI
TIMEF
TEMP1I
ASMALL
ABAR

ALPHA
PHI
CAPPA

Qo0

L(I)

SYMBOL OR MEANING

Initial T
Final T

Initial temperature

a, ft.
- 2
A, 1l/sec
R
2
&, ft"/sec
¥, 1/sec
K, Btu/ft-sec-°F
qo(o) Btu/ftz—sec
B =B

n, number of xs
1 for new set of XS

2 use set of A§ from previous case

An
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32
33

35
36

- C

37
40

41

42

SOURCE STATEMENT

$IBFTC ROBERT DECK
REAL LsLLsLC LCML,LLOM,LLOM2
DIMENSION L(100),LL(100),LLOM{100),LLOM2(100),E(100),G(100)
DIMENSION EMBMA{100),EMTTB(100),EPPTA(100),GP(100),TITLE(32)
DIMENSION EMTTC(100),EMCMB{100),EMTTA(100),EMTA(L00)
READ (5,2) (TITLE(I),1=1,32)
2 FORMAT(16A5)
READ (593) UeSeDeOMyXI4+LC,GC,GL o
READ (5,3) R1,R2,R3,R4,0T1,D0T2,DT3,DT4
READ (5,3) TIMEA,TIMEB,TIMEC,TIMED,TIMEM,TIMEI,TIMEF,TEMPI
READ (5,3) ASMALL,ABAR,R,ALPHA,PHI,CAPPA,QO,.8 =~ 7 °
READ (5,4) N,J

—

3 FORMATY (8 E 10.0)
4 FORMAT (215)
6 WRITE (6,7) (TITLEUIY,I=1,32y ~~~~~—~——~ =~~~
WRITE (648) Uy TIMEA,R1,ASMALL,S,TIMEB,R2,ABAR,D,TIMEC,R3,ALPHA,OM,
LTIMED,R4sPHLI o XT o TIMEM,DTY ,CAPPA,LC,TIMET,DT2,TERPT,GC, TINEF,DT3,B,
ZGL.N'DT4'QU'J'R_W_ N - - _ e
WRITE (6,9)
WRITE (64100 e
WRITE (6,11) ~ ~~—~—~—————oomTomTommomommmmmmmmmmmm T
WRITE (6,18) e
WRITE (6419)
CeoosFORMAT STATEMENTS
c
7 FORMAT(1H1,24X,18A5725X,16A8Y /007
8 FORMAT(//50X:20H* INPUT PARAMETERS =//
A12X4H U =€14.8,9XTHTINEA =EI4.8, IIXSA RI =EI4.8,BXBHASMALL =E14.87
B12X4H S =E14.8,9XTHTIMEB =El4.8,11X5H R2 =E14.8,8X8H ABAR =El4.8/
Cl2X4H D =E14.8,9XTHTIMEC =€14.8,1IX5H R3 =E1%4.8,8x8H ALPHA =E14.87
D12X4HOM =E14.8,9XTHTIMED =El4.8,11X5H R4 =E14.8,8XBH PHI =gl4.8/
E12X4HXT =E14.8,9XTHTIMEN ZEI&.8,IIX5A0TI SEI4.8,8XBR CAPPA =ETI&.8B7 -
F12X4HLC =El14.8y9XTHTIME] =E14.8s11XSHDT2 =E14.8,8X8H TEMPI =El4.8/
G12X4HGC =E14.8,9XTHTIMEF ZET&4.B,IIXSHDOT3 =ET4.8,8XBH B =EI4.87 "
H12X4HGL =El14.8,9X7H N =14, 21XSHDT4 =£l4.8/
T 1153X4HQO =El4.8,9XTH T =13,7 22ZX5H R =El1%.8) -
9 FORMAT(//52X,15Hs DEFINITIONS #//11X1SHGREEK FORTRAN, 13X7THFORTRA

IN, 40XTHFORTRANZ/10X13HLETTER ~ “NAME,TI9X,1#RNARE™~ "MEANING, 33X, 12RNA""
2ME MEANING//)

10 = FORMAT{ ~— T T
A6X18H ALPHA ALPHA»17X,32HTIMEA STAGE 1 UPPER LIMIT ’

817X,35H Rl ~ LIMIT OF TAU IN PRINT RANGE 17
C6X18H GAMMA GL »17X,32HTIMEB STAGE 2 UPPER LIMIT )

TUUUTTUD1TKe35H RZ T LIRIT OF TAU IN PRINT RANGE 277~ 777777777777

E6X18H CAP GAMMA GC 217X 32HTIMEC STAGE 3 UPPER LIMIT ’

T T T R YX e 35HR3 T LIRIT OF TAUTTIN PRINT RANGE 37—~ 77T

G6X18H DELTA D +17X932HTIMED STAGE 4 UPPER LIMIT ’

TTTTTTTT CTTRITX.35H R4 T LUTMIY TOF TAU IN PRINT RANGE %7

43

11 FORMAT(

ST IEX1IBH T T UKAPPR T T T CAPPATITXy3ZRTIREM " TTIME OF MAX REATCOAD ™ ~9 —~
L17X¢35HDT1 DELTA TAU IN PRINT RANGE 1 /
T UTRGXIBRT T TTLUAMBDAT T LITY ZITXYyIZATIMET  "INITIAC TIRE 7777y 7

L17X,35HDT2 DELTA TAU IN PRINT RANGE 2 /

TTTTTMEXIBHTAP LANBDA LT~ S ITX.3ZATIMEF  FINAL TIME ’




44

45

110
111
112
113
114
115
116
117
120
121
122
123

18

19

13

12
16
15
14

C

L17Xy35HDT3 DELTA TAU IN PRINT RANGE 3 /

06X18H MU U 2 17X432HTEMPI INITIAL TEMPERATURE ’
L17X,35H0T4 DELTA TAU IN PRINT RANGE 4 )

FORMAT(

Q6X18H CAP OMEGA OM s 17X532H TEMP TEMPERATURE, DEG R ’
R17x,35H R SCALE FACTOR /

A6X18H PHI PHI  +17Xs34H N NUMBER OF LAMBDAS READ IN ,
B12X»38HASMALL CHARACTERISTIC LENGTH /

C6X18H CAP PHI P s 1TXs34H J CONTROL-1-USE NEW LAMBDAS ,
D12X,38H4 ABAR GROUPED TERMS-SEE REPORT /

E6X18H SIGMA S 2 17X434H 2-USE LAST LAMBDAS,
212X,38H B CONSTANT TERM-SEE REPORT )

FORMAT (
G6X18H THETA THETA/
H6X18H X1 X1 /7)

IF (J.EQ.1) GD TOD 12
WRITE (6+13)
FORMAT(/30X49HTHE LAMBDAS FROM THE PREVIOUS CASE ARE SPECIFIED.)
GO TO 15
READ (5'16) (L(l,olslcN)
FORMAT(5E16.8)
WRITE(6414) ([+L{T)oI=14N)
FORMAT (40X, 29HTHE EIGENVALUES (LAMBDAS) ARE//5(3Xs2HL(+12y2H) =,
l1E14.8))

CeessCALCULATION OF CONSTANTS FOR INTERNAL USE

P=ASMALL®ASMALL#PHI/ALPHA
TA=ALPHASTIMEA/ (ASMALL®ASMALL)
TB=ALPHA®TIMEB/ (ASMALL®ASMALL)
TC=ALPHA®TIMEC/ (ASMALL®#ASMALL)
TD=ALPHA*TIMED/ (ASMALL#ASMALL)
TM=ALPHA®TIMEM/ (ASMALL#ASMALL)
TI=ALPHA®TIMEI/ (ASMALL#ASMALL)
TF=ALPHA®TIMEF/(ASMALL®ASMALL )

SOTA = SIN(OMsTA)
SOTB = SIN(OM=TB)
SOTC = SIN(DM=TC)
SOTD = SIN(DM=TD) *
COTA = COS{OM=TA)}
COTB = COS(OM+TB)
COTC = COS{(OM=TC)
COTD = COS{OM=TD)
LCM1 = LC-1.
GLM1l=GL-1.

pOM = D/OM

POM = P/OM

EPA = EXPIP#TA)
EPB = EXP{P«TB)
EPC = EXP{P=TC)
EPD = EXP(P«TD)
EMA = EXP(-P*TA)
EMB = EXP{-P«TB)
EMC = EXP(-pP=TC)
EMD = EXP(-P=*TD)

S -gge



124
125
126
127
130
131

132
133
134
135

136
137
142
143
144
145
150
151
152
153
156
157
160
161
163

164
165
166
167
170
171
172
173
174

175
202
203
206
211
214

217
220

221

17
31

32
21

22

(e NaNel
-

101

c

TBMTA = TB-TA
TCMTB = TC-T8B
TDMTC = TD-TC

C = lo/(1la4UxS)

F = (C/bo ).‘( 30'xI.XI+2O.S'S‘bo.U.S’XI—IQ-ZQ's‘(S*U"C’

DO 20 I=1,N

LtI) = THE ITH EIGENVALUE (LAMBDA)

LLEI) = L(D)=L (1)

LLOM(I) = LL(])/0M

LLOM2(I) = LLOM{I)eLLOM(I)

E(I) = 0.25%LL (1) ({1le4U)m(Lo+S)aCOSILII)®(1e+S))4(1e-Ulu( 1.=-S)e
1COS{L{I)=(1.-S))) .
GEIN=(0.S5/E(I) ) #( (1. +U)#COSILAI)w{S=X[))+(1o=U)eCOS(LII)®(S+XI)))
IF (LL{I)*TA.GE.86.) GO TO 17

EMTA(I)=EXP(-LL(I)=TA) ‘

GO 10 31

EMTA(I)=0.0

IF (LL(I)*TBMTA.GE.86.) GO TO 32

EMBMA{I)=EXP(-LL{I)#TBMTA)

GO T0o 21

EMBMA(I)=0.0

IF (LL(I)*TCMTB.GE.B6.) GO TO 22

EMCMB(I)= EXP(-LL(I)=TCMTB)

GO TO 20

EMCMB(I)=0.0

CONTINUE

ARQK=ASMALL#R»QO/CAPPA

DIMENSIONLESS TEMP=CAP THETA=(TEMP-TEMP INITIAL)/ARQK

A=ABAR* (ASMALL#ASMALL/ALPHA)®#=?2

T = T1

PT =TI

SUM = 0.0
THETA = 0.0
Jl = 1

J2 = 2

J3 = 3

Jé = &

# % # % % % & # # & & B #F B B BB St BB NR N EE N RRE RN

WRITE (64101) (TITLE(I)sI=1,32)
FORMAT(1H1+24X916A5/25X416A5/7)
IF (T.LE.TA) GO TO 100
IF (T.LE.TB) GO TO 200
IfF (T,LE,TC) GO TO 300
IF (T.LE.TD) GO TO 400

C #% STAGE | #9088 aaaaeie st sttt atitissaistn it inaautscnnasannsnensansns

c
100
102

105

WRITE (65102) J1sTI»TA
FORMAT(/30X,36HTHE FOLLOWING RESULTS ARE FOR STAGE ,I1,12H,TAU BET
IWEENsF8.3,1X,3HAND,F8.3///22X13HDIMENSIONLESS,y12X13HDIMENSIONLESS,
216X4HTIME y19X11HTEMPERATURE/23X10HTIME (TAU)»15X11HTEMPERATURE, 17X
35H(SEC),18X11HIDEGREES R)//)
THETA = D.D ' '



222
223
224
225
226
227
231
232
233
236
2317
240
241
242
244
245
246
251
252
253
254

255
2517
260
262
263

264
265
266
271
274
2117
302
303
304
305
306
307
310
311
312
313
316
321
322
325
326
331
332
333
334
335
336

106

107
108
109

131
132

111

112

120

125
130
135

140
110

121
122
123
124

1

EP = EXP{ P=T)
EM = EXP(-P=T)
SOT = SIN{DOM=T)
COY = COS{OM=T)
DO 106 I=1,4
GP(I) = 0.0

GP(1)=C/P#(EP-1.)+F2EP(]1.4D=S0OT)

DO 109 I=1,N

IF (LL({1)*T,GE.B6.)

EX=EXP(-LL{I)#T)
GO TO 108
EX=0.0

GO TO 107

SUM=GLI)*{EX+P/(LL(T)+P)#(EP-EX))

GP(2)=GP(2)-SUM

GP(3)=C#EP/(POM#POM+1.)=DOM# (POMeSOT=COT+EM)

DO 111 I=1,N

IF ({(LL{I)#P)=T.GE.B86.)

EZ = EXP{=(LL(I)+P)aT)
GO 10 132
EZ = 0.0

GO TD 131

SUM=G([)*D*EP/ ((LLOM(I)+POM)##2+1. ) ( (POM®(LLOM(T)¢POM)+1.)#SOT
+LLOM(I)«COT-LLOM(I)=EZ)

GP({4)=GP(4)-SUM
00 112 I=1+4
THETA=THETA+GP(I)

TIME=ASMALL#ASMALL«T/ALPHA
TEMP=TEMPI+ARQK*THETA
Coeeos o PRINT OUT TIME

WRITE (6,120) Ty,THETA,TIME,TEMP
FORMAT{10X,4(10X,F15.8))
IF (T.LE.R1) GO 10O 125
IF {T.LE.RZ2), GO TO 130
IF (T.LE.R3) GO TO 135
IF (T.LE.R4) GO TO 140
WRITE (6,124)

GO TD 1

T =T + DT1

GO TO 110

T =17 + DT2

GO 10 110

T =T + DT3

GO TO 110

T =T + DTeq

IF (T.LE.TA) GO TO 105
IF (T.LE.TB) GO TO 200

WRITE (6,121)
IF (T.LE.TC)
WRITE (64122)

GO

TO 300

IF (T,LE.TD) GO TO 400

WRITE (64123)

GO T0 1
FORMAT(/1X,49H DT
FORMAT(/1x+49H DT
FORMAT(/1Xy49H DT
FORMAT(/1X,49H TA

IS GREATER
IS GREATER
IS GREATER
IS GREATER

90

THAN {(T8-TA).
THAN (TC-TA).
THAN {TD-TA).

THAN Ré4.

HENCE SKIP STAGE 2.//)
HENCE SKIP STAGE 3.//)
HENCE SKIP STAGE 4./7/)
HENCE SKIP STAGES 2,344.//)



337
340
341
342
343
344
345
346
350
351
352
353
356
357
360
361
362
364
365

366
370

371
372
3713
374
375
376

377
401
402
404
405

406
407
412
415
420
423
424
425
426
427
430
431
432

c
C o8 STAGE 2 #05asn st a st st ittt tiaaenssttastnncesnnasenssannsness
c .
200 WRITE (6,102) J2,TA,TB
205 THETA = 0.0
SOT=SIN(OM=T)
COT=COS(0OM=T)
TMTB=T~-TB
TMTA=T-TA
00 206 I=1,100
206 GP(1)=0.0
GP(L)=Co(TMTA®EPA+(EPA-1.)/P)
GP(2)=CaDOM#EPA/ (POM®#POM+ 1, ) s (POMSSOTA-COTA+EMA)
DO 209 I=1.N
IF (LL(I)*TMTA.GE.B86.) GO TQ 207
EMTTA(I)SEXP(-LLI{I)=TMTA)
GO Y0 208
207 EMTTA(I) =0.0
208 SUM=G(I)/(LL(I)/P+1.)#EMTTACI)#{EPA+LL(I)/PoEMTA(L))
209 GP(3)=GP(3)-SUM
DO 211 I=1,N
SUM=G(I)#EMTTA(I)/{(POMELLOM(TI) ) w2241, ) ((POMe(POM+LLOM{I))#S0OTA
A +SOTA+LLOM{I)#COTA)SEPA-LLOM{I)=EMTA(I))
211 GP(4)=GP(4)~-D=SUM
GP(5)=CeEpA» (DOMs (COTA~COT)+DOM/OMeLCML/TBMTA® (-OMeTMTA=COT+SOT
1 ~SOTA)+LCML/TBMTA*TMTA®TMTA/2.)
GPl6)=EPA#F#(1,+DuSOT)e(1l.+LCM1/TBMTA=TMTA)
DO 212 I=1,N
Z=LLOM(])
ZZ=LLOM2{ )
EML=EMTTA(I)
218 SUMaG(I)®{(D/(ZZ+4)1.)#(Z#COT+SOT-(Z«COTA+SOTA)*EML)+LCM1/TBMTA=D
e {TMTA/(2Z+41.)8(Z2#COT+SOT)~1./(0Mn(Z22+1,)%a2)a(22eCOT+2,52
#S0T-COT-{Z2#COTA+2.422SOTA-COTA)#EML))I+LCML/{TBMTA=LL(]))
#(l.-EML)+LCM1/TBMTA®DOM/ (22+1.)8(Z2eSOT-COT~(Z#SOTA-COTA)#EML
))
212 GP(7)=GP(7)-EPA=SUM
DO 213 [=]1,7
213 THETA=THETA+GP(])
TIME=ASMALL#ASMALL*T/ALPHA
TEMP=TEMPI +ARQK*THETA
Ceeeo PRINT OUT TIME
WRITE (6,120) T,THETA,TIME,TEMP
IF (T.LE.R1l) GO 7D 225
IF (T.LE.R2) GO TO 230
IF (T.LE.R3) GO TO 235
IF {(T.LE.R4) GO TO 240
WRITE (6,22%)
GO TO0 1
225 T =T +« DT1
GO TO 210
230 T =T+ DT2
GO TO 210
235 T =T+ DT73
GO TO 210

SN -

. .9Y -



433
434
437
442
443
446
447
450
451
452

453
454
455
456
457
460
461
462
464
465
470
471
472
473
476
417
500
501

503
504
505
506
507
510
512
513

514
516

517
520
521

522
524

240
210

222
223
224
C

T =T+ DT4
IF(T.LE.TB) GO TO 205

IF(T.LE.TC) GO TO 300

WRITE(6,222)

IF(T.LE.TD) GO TO 400

WRITE(6,223)

60 TO 1 .

FORMAT{/1X449H DT IS GREATER THAN (TC-TB). HENCE SKIP STAGE 3.//)
FORMAT(/1X,49H DT IS GREATER THAN (TD-TB). HENCE SKIP STAGE 4.//)
FORMAT(/1X,49H TB IS GREATER THAN R4. HENCE SKIP STAGES 3, 4. //)

C o8 STAGE 3 #ans st snnanoascsnnetitet st saaaatnotstettnannttaetenensenenenns

c
300
305

304

317
318

315
306

307

308

309

WRITE (6,102) J3,78,TC

THETA = 0.0

SOT=SIN{(OM=T)

COT=COS(OM=*T)

TMTA=T-TA

TMTB=T~T8

DO 304 I=1,N

GP(1)=0.0

DO 306 [=1,N

IF (LL(I)=*TMTA.GE.86.) GO TO 317
EMTTA(I)=EXP(-LL{I)»TMTA)

GO 7O 318

EMTTA(I)=0.0

IF (LL{1)=*TMTB.GE.86.) GO TO 315
EMTTB(I)=EXP(-LL(I)=TMTB)

GO TO 306

EMTTB(1)=0.0

CONTINUE

EMBMA(I ) =EXP(-LL(I)#TBMTA) WAS CALCULATED PREVIOUSLY
GP(1)=C#(TMTA®(1.+D*SOTA)#EPA+(EPA-1.)/P)
GP{(2)=C#DOM=#EPA/ (POM&POM+]1.)» (POMeSOTA~COTA+1./EPA)
GP(3)=F#(1.,+D»SOTA)=EPA

DO 307 I=1l4N
SUM=G(I)/ZILLII)/P+1.)#EMTTA(TI)*(EPA+LL(I}/PeEMTALI))
GP(4)=GPl4) —-SUM

DO 308 I=1,N
SUM=G(I)eEMTTA(L)/((POM+LLOM(T))wu2+] . )a((POM® (POM+LLOM(I))=SOTA
A +SOTA+LLOM{I)*COTA)#EPA-LLOM{I)#EMTA(I))
GP(5)=GP({5)~DaSUM

GP(6)=EPA#C# {DOM2 (OM»*T2SOTB~-COTR-OM=TB#SOTB~-0OM#T#SOTA+COTA+OMaTA»
1SOTA)+LCML/TBMTA#DOM/0OM# (SOTB-SOTA)~LCMLeDOM#(COTB+0OM*TBsSOTB-DOM»
2T#SOTB)+LCMLe(T~-0.5=2(TB+TA)))
GP(7)=EPA%Fa (D# (SOTR~-SOTA)+LCM1#(]1.+D=S0OTB))

DO 309 I=1,N .
SUM=GLI)=EMTTB(I)»(D/(LLOM2(I)+1.)a(LLOM(I)COTB+SOTB-{LLOM(]I)»
1COTA+SOTA)=EMBMA{T))+LCM1/TBMTA#D# (TBMTA/(LLOM2(T)+1.)o(LLOM(I)=
2 COTB+SOTB)~1./{0OMe(LLOM2([)+)1,)eu2)s(LLOM2(I)#COTB+2.8LLOM(] )

3S0TB-COTB-(LLOM2(1)#COTA+2.# LOMII)I®#SOTA-COTA)*EMBMA(]I))) +
4LCML/(TBMTA®LL(I))e()l.-EMBMA(]))+LCML1/TBMTASDOM/(LLOM2{I)+]l,.) =
S(LLOM(I)«SOTB-COTB-(LLOM(I)«SOTA-COTA}=EMBMA(TI)))
GP{B8)=GP(8)-EPA*SUM
GP(9)=Co(-Ae(TaT#T/3.~-TeTBeTB+2.,73.%TB*TB*TB~-TMaTATB*THTR ) 4$DOMs

92 .



525

526
527
530

531

532
533

534

535
536

537

540
541
543
544
546
547

550
551
554
557
562
565
566
567

570

571
572
573
‘574
575
- 576
601

311

312

1{GC-AeTM&eTM) # (—COT-0OMe T#SOTB+COTB+OM#TB2SOTB)=2.#ADOM/ ({OM=0OM )+
2(~0OM#T#50T7-2,#COT-0OM*TeSOTB+0OMeOMaToTB#COTB+2,.20M#TBsSOTB-COTB»
3({0MeTB)ne2-2,))42.%AxTMeDOM/OM*[-SOT+SOTB+0Me TMTBoCOTB)+2, #AeTMe
4DOM/0OM# (~OMa TeCOT+2,4SOT-0OMeTaCOTB~0OM#OM#T#TBoSOTB+2,.#OM*TB*COTB
5¢40M*OM*TB#TB#SOTB-2.#SOTB) - A#DOM/OM/OM#(-0OM*OMeTo#TeCOT<=2.¢gMaT»
6S0T+6.#COT+6.#0MTeS0T-2,#0MeOMToTB2COTB~OMaTa (OM#OMsTB=TB~2, ) #
7SOTB+(3.#0M#OM*TB#TB=6.)eCOTB+{OM#TB) 22325078 ~-6.20M=TB=SOTB)) )
GP(10)=F#{~-Ae{TaT-TBeTB)+2.%A%TMs TMTB +D#{GC-AsTMeTM)a(SOT-SOTB)
1-2.8A%D0OM/0M# (SOT-OMaToCOT~-SOTB*OM»TB#COTB) +2. v A TMeDOM (COTB+OMa
2T«SO0T-COTB- onora-sora)-A-DOM/on-(z.-0n-r-cor+on-on-r-r-sor -2.507
3-2.#0M*TB#+_0TB~ DM-UM-TB-TB.SOTB+2.-SUTB)) T

DO 311 I=1,N

X1= 2.,#A/(LLC(IY#LL(I)}) o((LL(TI)eT-1.)-(LLCY)*TB~1.)eEMTTB(I))

2==2.%ARTM/LL(I)® (Ll ~EMTTB(I))=Da(GC-A#TMaTM)/(LLOM2(1)+1.)

B #(LLOM(I)*COT+SOT-(LLOM(I)»COTB+SOTB)=EMTTB(I))

X3= 2.¢A=Ds{1./0M
C JCLLOM2{TI )+l )»(Ta(LLOM(I}#SOT~COT)~TBe(LLOM(I)«SOTB-COTB)

D #EMTTB(I))=1,./7(OMe (LLOM2(I)¢l.))ea28(LLOM2(])=SOT~ =2.#LLOM(I)

E sCOT-SOT-(LLOM2{I)»SOTB=2,8LLOM(I)«COTB~SOTB)=EMTTBI(I)))
I=1,/7(LLOM2(I)+1.)

XKo=x =2, #A2D#TMa(2/0Me(LLOMUT) #SOT-COT-(LLOM(1)=SOTB-COTB)
A #EMTTBI(1)))

X5= =2, #A#DeTMa{Zu(To{LLOM(I)«COT+SOT)~-TB*(LLOM(I)=COTB+SOTB)
A SEMTTB(I))~2eZ/0Me(LLOM2(I)#COT+2,.«LLOM(I)#SOT-COT-(LLOM2(I)
8 #COTB+2,«LLOM(1)#SOTB-COTB)#EMTTB(1))})

X6= Z#(TaTa(LLOM(I)#COT+SOT)~-TB=TB#(LLOM(I)}#COTB+SOTB)I*EMTTBI(I1))
X7==2aZ/0Me(To (2. #LLOM2(])#COT+4.#LLOM(I)#SOT~2.4COT)-TB#{2.

A A#LLOM2( 1 )#COTB+4 . #LLOM(])#SOTB-2.#COTB)#EMTTB(]))

X8= 2.#7#83/0M/0M» (LLOM2(1)«LLOM(I)#COT+3,#LLOM2({I)}#SOT-3.#LLOM(TI)
A #C0T-S2T7~ (LLOMZ(I)'LLOM(I)’COTB*B-*LLDMZII)'SOTB 3.8LLOM(])
8 #COTB-SOTB)#«EMTTB(I))

suM=x1+x2+x34x4+x5+A-D-(xe+x7+xe)

GP(11)=GP(11)+G(I)«SUM

D0 312 I=1,11

THETA=THETA+GP ()

TIME=ASMALL#»ASMALL*T/ALPHA

TEMP=TEMPI+ARQK#THETA

CeeesPRINT OUT TIME

T 604 T

WRITE (6+120) THsTHETA,TIME,TEMP
IF {T.LE.R1) GO TO 325
IF (T.LE.R2) GO TO 330
IF (T.LE.R3) GO TO 335
IF (T.LE.R4) GO TO 340
WRITE (6,324)

GO T0 1

T =T+ 071

GO TO 310

T =T+ DT2

GO TO 310

T =T+ DT3

" GO TO 310

T =T+ DTs
IF {T.LE.TC) GO TO 305
IF (T.LE.TD) GO TO 400

" WRITE 16,3237 -~ ~



605 GO TO 1
606 323  FORMAT(/1X,49H DT IS GREATER THAN (TO-TC). HENCE SKIP STAGE 4.//)
607 324 FORMAT(/1X,49H TC IS GREATER THAN R4. HENCE SKIP STAGE 4. /7]

C »% STAGE 4 P Y L S T Y T T XY S SE R R X S S 2

c
610 400 WRITE (6+102) J4,TC,TD
611 405 THETA = 0.0

612 SOT=SIN(OM=T)

613 COT=COS(0OM=T)

614 © TMTA=T-TA

615 TMTB=T-TB

616 TMTCaT-TC

617 TMTD=T-TD

620 OT=0MaT

621 OTA=0OMsTA

622 OTB=0M=*TB

623 OTC=0OM=TC

624 OTD=0M=TD

625 DO 406 I=14N

626 IF (LL(1)*TMTA.GE.B6.) GO TO 417
631 EMTTA(I)=EXP(-LL{I)=#TMTA)

632 GO TO 418 ' oot T

633 417 EMTTA(I)=0.0
634 418 IF (LL(I)=TMTB.GE.B6.) GO TG 407
637 EMTTB(I)= EXP{(-LL(I1)=TMTB)
640 ' 60 TD 408 o )
641 407 EMTTB(I)=0.0
T642 408  IF (LL(IY«TMTC.GE.86.) GO TO %09
645 EMTTC(I)=EXP(-LL(I})=TMTC)
646 GO TO 406 ST
647 409 EMTTC(I)=0.0
650 406  CONTINUE

c
652 DO 450 I=1,100 o i o
653 450 GP(1)=0.0
655 GP(1)=Ca(TMTAs(1.4D*SOTA)#EPA+(EPA-1.)/P)
656 GP(2)=C*DOMeEPA/ (POM#POM+1. ) (POM®SOTA-COTA+1./EPA)
657  GP(3)=F#{1.+DeSOTA)=EPA T ' ‘
660 DO 451 I=1sN
661 © SUM=G(I)*EMTTA(I)/(LLCI)}/P+1.) e (EPA+LLII)/P#EMTA(T]))
662 451  GP{4)aGP(4)-SUM
- 664 " DO 452 I=1,N o T '
665 SUM=G (I )#EMTTA(I)/(({POMSLLOM(T) )ae2¢1. )8 ((POMs (POM+LLOM(I))=SOTA

1 +SOTA+LLOM{T) «COTA) *EPA-LLOMIT)#EMTALTI))
666 452 GP(5)=GP{5)-D#SUM

‘670  GP(6)=EPAxCs (DOM= (OTeSOTB-COTB-0TBeSOTB-0T#SOTA+COTA+OTA®SOTA)

A +LCM1/TBMTA*DOM/0OM# {SOTB~SOTA)-LCM1#DOM«(COTB+0OTB#SOTB~-0T
R - O #SOTB)+LCML1&(T-0.5«(TB+TA))) ' e
671 GP(7)=EPA«F# (D#{SOTB~SOTA)+LCM1#(1.+D*50T78B))
672 ’ DO 453 I=1,N : o '
673 SUM=G(I)SEMTTB(I1)#{D/(LLOM2(I)+1.)#(LLOM{I)=COTB+SOTB-(LLOM(I)

1 #COTA+SOTA)#EMBMA(I)) + LCM1/TBMTA«D#(TBMTA/(LLOM2(T)+1.)
2 #(LLOM(I)#COTB+SOTB)=1./(0OMe((LLOM2{I)+1.)##2))a(LLOM2(I)=COTB
-t 3 +2.,9LLOM( 1) #SOTB-COTB~(LLOM2({1)#COTA+2.+LLOM(T)*SOTA-COTA)



4 *EMBMA(I))) + LCML/TBMTA/LL(I)#{1.-EMBMA(I)) + LCML/TBMTA

5 *DOM/ (LLOM2(1)+1.)#{LLOM(I)@SOTB-COTB-(LLOM{I)}#SOTA-COTA)

6 *EMBMA (1))
674 453 GP(8)=GP(B)-EPA#SUM
676 Xl= —A#TeTCaTC+2./3.9AsTCaTCaTC+A=ToTBaTB=-2,/3,2ATBeTBeTB
+2.8A8 TM#(TATC-TC#TC/2.~ToTB+TBuTB/2.)+00Me (GC-AsTMaTM)
#{0TeSOTC~COTC~OTC#SOTC-0T=SOTB+COTB+0TB=S0TB)-2.2AD0OM
/(0OM#0M) = (OT#SOTC-OT#0TCeCOTC-2.#0TC*#SOTC+(0OTC20OTC-2.)=COTC
-0T#SOTR+0T#0TB#COTB+2,#0TB#SOTB-(OTB#0TB~2.)#(0TB)+2.#A
#DOM/0OMe TM# {-0T#COTC~SOTC+0OTC*COTC+0T#COTB+SOTB~0TB+COTB)
617 X2= 2.8A#TM#DOM/OM= (OT=COTC+OT=0TC#SOTC-2,#0TCeCOTC-(OTC#0TC~2.)

A »SOTC-0OT+C0OTB- orooracsoraoz.'015-c078+407300t8 2. )-SDTB)

mooomopP

8

c s0TC-6.)sCOTC-{OTCusn3 -6.'0TC)'SOTC-z.'OTDOTBlCDTB-DT'

D (OTB#0TB-2.)#S0TB+(3.40TB#0TB-6.)#COTB+(0TBs=3-6.40TB)=SOTB)
700 GP(9)=Ca{x1+X2)
701 GP(10)=Fa(-Ae(TCoTC-TaTB)+2,0AeTMaTCHMTB+D#({GC-AnTMeTM) s (SDTL-

A SOTB)-2.#A#DOM/OMe (SOTC-OTC#COTC~-SOTB+0TB#COTB) +2.#AaTMeDOM
8 #(COTB-COTCI+2.#AaTMaDOM# (COTC+OTC»SOTC-COTB-0TB#SOTB)
c ~A#DDM/OM#(2.#0TC#COTC+OTC#0TC#SOTC-2.2S0TC-2.+0TB#COTB
D ~ DTB#OTB=SOTB+2,#5078}) "
C
702 DO 454 I=]1,N CoTorrerTTTrrmr e
703 X1=2.¢A/(LLED)#LL(I) )@ ((LL(I)#TC~1.)=(LLUI)®TB-1.)#EMCMB(I))
' Tl =2.%AsTM/LLITL ). (1 -EMCNBTINT T

704 Y=1./7(LLOM2(1)+]1.)

‘705 T X2==Dea{GC-AeTMaTM ) a2 (LLOMTTY«COTC+3DTC-TLLOMIT) sCOTB+S0OTB}
1 «EMCMB(I))

706 X3=2.#A#DsV/OMS{TCETLCOMITY*SOTC<-COTCI-TB#*TLLOM(1)»SOTB-COTB)

1 «EMCMB(I))-Y#Y/(OMeOM)®(LLOM2(1)#SOTC-2.#LLOM(I)=COTC-SOTC
"2 —(LLOM2(I)#SOTB-2.sLLOM(I)#COTB-SOTB)#EMCMB(I)))
X4=-2,0A2DoTMe(Y/0Me (LLOM(I)#SOTC-COTC-(LLOM(1)eSOTB-COTB)

‘1 =EMCMB(I)))

710 X55-2. 2 AaDeTMe (Yo (TCo(LLOM(I)=COTC+SOTC)-TB=(LLOM(I)»COTB+507B)
. A #EMCMBIIN)~YaY/OM#{LLOM2(I)#COTC+2.#LLOMTITSpTC-COTC—-(LLOM2(T)
B #COTB+2,#LLOM(I)#SOTB-COTB)#EMCMB(I)]))

L LA

THIL T Xe=Y e (TCRTCH (LLOM(I)#COTC+SOTCI-TBaTRB«TLLOMIT F»COTB+SOTB)
1 sEMCMBI(I))
TT127 T T WaYey TTUTTTTETT T T T T e e
713 X1=~MW /DM*(TC'(Z.iLLOHZ(Il'CDTC*4.lLLOH(IDOSDTC 2.#C0TC)-TBe(2.
7 1 «LLOM2{1)«COTB+4.oLLOM(T)#SOTB-2.4COTB)#EMCMBI(T)) T
714 XB8=2.0YaYaY/ (OMeOM) &« (LLOM2 (1) *LLOM(I)#COTC+3.#LLOM2{])eSOTC

"1 =3.#LLOM(I)»COTC-SOTC~-(LLOM2{TI) «LLOMIT Y «COTB#3.2LLOM2(I)«S0TB
2 =3.#LL0OM(I)=COTB-SOTB)«EMCMB(I))

T15 7 T SUMEX1+4X24X34+X4+XS+AeDR(X6EXT4X8) 0 T TT T o m o mmmm mm memen e
T16 454 GP{11)=GP(Ll1)+G(I)#EMTTC(I)sSUM
720 7777 GP{12)=CeBe{GLMI /(2.¢TDMTC)#TMTC#TRTC+DeGLM]/TDMTC#{1./{OMEDN]
| 2 (SOTC~SOT)+COTC#TMTC/0M) +De ((COTC-COT)/0OM-TMTC»SOTC)
2 " +GLML/TDMTC«DOM/OM» (OM» (T+TCT#(COTH+OT*SPT-COTC~OTC«SOTCY
3 =2.#0T»COT-(0OT#QT-2. )!SOT*Z.'OTC’COTC0(OTCOOTC 2 )'SDTC
- e "=0T#0TCe(SOT-SOTCH )’ TTTTomTmT R
721  GP{13)=FeBe (GLML/TOMTC*#TMTC#(1,+02SOT)+D#*(SOT-S0TC))
122 DO 455 I=1,N - -
723 Y=1l./(LLOMZ{I)+1.)
TTT2% 7T T T XT=EGLML/TDMTC/LLAT ) # (1. ~EMTTCTI) V#DOM#GLMI/7TOMNTC# Ve {LLONTTI#SOT —



725
726

727
730
732
733
735
736

7137
740
743
746
751
754
755
756
757
160
761
762
763
764
165
770
771
772
773
774

1 -COT-(LLOM(I}#SOTC-COTC)#EMTTCI(I}))
X2=peaYas (LLOM(I)#COT+SOT-(LLOM{I)#COTC+SOTC)#EMTTC(I)) ,
X3=GLMLl/TOMTC#D# (TMTCoy#(LLOM{I)#COT+SOT)-YaY/OM#(LLOM2([)#CDT
1 +2.LL0OM([)#SDT-COT-(LLOM2(I)#COTC+2,LLOM(I)*SOTC-COTC)
2 #EMTTCI(I)))
SUM=X14+X2+X3
455 GP(14)=GP{14)-G(I)#BeSUM
DO 456 1=1414
456 THETA=THETA«GP(I)
TIME=ASMALL®*ASMALL#T/ALPHA
TEMP=TEMPI +ARQK#THETA '
Ceees PRINT OUT TIME S
WRITE (64120) T+THETA,TIME,TEMP
IF (T.LE.RLl) GO TO 425
IF (T.LE.R2) GO TO 430
IF (T.LE.R3) GO TO 435
IF (T.LE.R%) GO TO 440
WRITE (6:424)
GO TO 1
425 T =T + DT1
GO TO 410
430 T =T + D72
GO TO 410
435 T =T + DT3
GO TO 410
440 T =T + DT4
410 IF (TLLE.TD) GO TO 405
WRITE (6,423)
Go To 1 o
423 FORMAT(/1X,49H+ T IS GREATER THAN TD. THIS CASE IS COMPLETE.
424 FORMAT(/1X,49He T 18 GREATER THAN R&. THIS CASE IS COMPLETE.
END

%//)
s//)



